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Abstract 

 
Humans ubiquitously express three genes (HRAS, KRAS, and NRAS) that encode four 

different isoforms of Ras, an integral p21 GTPase acting as an effector of cell surface 

receptors and regulating cell survival, proliferation, and differentiation. Mutations in KRAS 

account for the majority of all RAS-mediated cancers, and are amongst the most frequently 

observed in epithelial carcinomas. Nearly all observed Ras isoform mutations are found at 

codons 12, 13 and 61, and affect both splice variants of KRAS, K-Ras4A and K-Ras4B. The 

K-Ras isoforms share significant sequence identity, and differ only in their 23 residue C-

terminal hypervariable region (HVR) and in four catalytic domain residues. However, little is 

known about how these residue differences correlate to K-Ras conformational dynamics, 

and consequently, their effects on Ras functional behavior and effector interactions. In this 

investigation, the functional consequences of residue differences between K-Ras4A and K-

Ras4B were probed through all-atom molecular dynamics (MD) simulations to elucidate the 

effects of isoform-specific differences on K-Ras conformational dynamics. These 

simulations, utilizing the CHARMM programming package and NAMD code, aimed to (1) 

study the conformational fluctuations of the K-Ras4A catalytic domain, (2) study the 

dynamics of the full-length K-Ras4A isoform, and (3) characterize potential HVR 

interactions with the catalytic domain of the protein. These studies suggest that: (1) GDP-

bound K-Ras4A exhibits a more exposed nucleotide binding pocket than K-Ras4B, which 

may facilitate enhanced nucleotide dissociation in this isoform, (2) GDP-bound K-Ras4A 

exhibits dynamic fluctuations in Switch I and II that differ from GDP-bound K-Ras4B, 

implying additional conformational states that may influence its interactions with guanine-

nucleotide exchange factors (GEFs), (3) residues Q165 and Y166 in K-Ras4A may 

allosterically modulate the observed dynamic Switch region fluctuations, (4) full-length K-
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Ras4A exhibits nucleotide-dependent HVR fluctuations, and (5) the HVR of GDP and 

GTP-bound K-Ras4A confers additional flexibility to the intrinsic fluctuations of its Switch I 

and Switch II regions. These results provide a basis for further studies examining the 

functional consequences of K-Ras4A dynamics. 
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Chapter 1  

Introduction 

1.1 The discovery of Ras and its biological significance 

In December of 1964, Jennifer Harvey, a scientist at the London Hospital Research 

Laboratories, first reported the finding that a preparation of a murine retrovirus known as 

Moloney's leukemogenic virus (MLV), obtained from a leukemic rat, was capable of inducing 

tumorigenesis when injected into newborn BALB/c mice1. A few years later, in 1967, 

Werner Kirsten and colleagues at the University of Chicago also reported the finding of an 

oncogenic murine retrovirus (MEV) through serial passaging of spleen filtrates in 

Wistar/Furth rats2. In 1982, researchers investigating oncogenes present in human cancer 

cell lines3,4 first established that these human oncogenes were homologous to the 

transforming DNA sequences of the rat sarcoma viruses (ras) discovered by Kirsten (Ki) and 

Harvey (Ha)5,6, and thereby designated them KRAS and HRAS, respectively7. Both the viral 

and human RAS sequences were found to encode a protein of approximately 21 kDa 

(denoted as p21) that is required for transformation7–9. Shortly afterwards, in 1983, a third 

Ras oncogene, cloned from neuroblastoma and leukemia cell lines, was discovered and 

designated NRAS (neuroblastoma RAS viral), but its retroviral DNA counterpart has not yet 

been found7,10. 

Humans ubiquitously express the HRAS, NRAS and KRAS proto-oncogenes, which 

encode four different isoforms of the Ras protein (H-Ras, N-Ras, K-Ras4A, and K-Ras4B, 

respectively). K-Ras4A and K-Ras4B are the two splice variants of the KRAS gene, and arise 

as a result of alternative mRNA splicing of the fourth coding exon (exon 5) of the K-Ras 

mRNA transcript11,12. The 6th exon encodes the C-terminal region of K-Ras4B, whereas it 

remains untranslated in K-Ras4A (3' UTR)13. Ras is a member of the family of small 
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monomeric p21 GTPases9,10,14 and superfamily of guanine nucleotide-binding proteins. 

Physiologically, Ras plays a central role in cellular signal transduction pathways, acting as a 

key effector of cell surface receptors and functioning as an “ON (GTP-bound)/OFF (GDP-

bound)” switch to modulate a multitude of diverse cellular activities, including proliferation, 

differentiation, apoptosis, and senescence15,16. Ras participates in the Raf-Mek-Erk mitogen-

activated protein kinase (MAPK) cascade17–19 which is triggered by the binding of epidermal 

growth factor (EGF) to the extracellular domain of the epidermal growth factor receptor 

(EGFR), a class I receptor tyrosine kinase (RTK). Upon activation, EGFR undergoes 

homodimerization, which stimulates the cytosolic tyrosine kinase domain of each receptor 

monomer to phosphorylate C-terminal tyrosine residues on its complementary subunit in a 

trans-autophosphorylation mechanism. Activated EGFR then recruits SOS, a guanine-

nucleotide exchange factor (GEF), though the adaptor proteins Shc and Grb2. SOS 

subsequently catalyzes the exchange of GDP-bound Ras for GTP, activating Ras20,21. This 

process occurs in three distinct steps, starting with the low affinity interaction (Kd > 10 μM) 

between GDP-bound Ras and the Ras GEF, followed by displacement of GDP and the 

formation of a high affinity (Kd 4-5 nM) binary complex between nucleotide-free Ras and 

the GEF, to which GTP binds due to its even higher binding affinity (Kd 10-11 M) and higher 

concentration, displacing the GEF20.  Although Ras is a GTPase, its intrinsic rate of GTP 

hydrolysis to GDP is quite low, on the order of 10-4/s17,22–24. Ras GTPase-activating proteins 

(GAPs) can accelerate this intrinsic rate by up to five orders of magnitude (105)17,25,26 via a 

reaction mechanism involving the insertion of an arginine side chain into the Ras catalytic 

site, which stabilizes its conserved Q61 residue that orients a nucleophilic water and 

neutralizes partial negative charges which can develop in the transition state21,23,27. In the 

active, GTP-bound state, Ras dimerizes and binds Raf-128, promoting Raf dimerization and 
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activation29. Other downstream effectors of Ras include Ral-GDS, PI3K, phospholipase Cε 

(PLCε), Ras association domain family (RASSF) proteins, and AFG30–32. Dimerized Raf 

subsequently activates the MAPK/ERK kinase (MEK)1/2 dual-specificity protein kinases 

through phosphorylation, which results in (MEK)1/2 induction of Extracellular-regulated 

kinase 1 and 2 (ERK1/2)18,19. ERK1/2 has many downstream phosphorylation targets, such 

as the transcription factor Elk-1, which subsequently influences transcriptional activation 

and cellular proliferation18.  

HRAS, NRAS, and KRAS have been found to be the most frequently mutated genes 

in human cancer, including most deadly cancers of epithelial origin33. Taken together, Ras 

gene mutations account for approximately 30% of all cancers10,34,35. KRAS mutations are 

predominant amongst the three mammalian Ras proto-oncogenes, and account for ~86% of 

all RAS-mediated gene cancers16,33,36. Activating oncogenic Ras mutations, located at 

conserved codons 12, 13, and 61, account for 99.2% of all observed Ras isoform 

mutations37. The mutant Ras proteins that result are GAP-insensitive, causing them to 

remain in a constitutively active, GTP-bound state, leading to persistent signaling caused by 

activation of downstream effectors such as in the Raf–MEK–ERK cascade16,34,38,39. Each Ras 

isoform has a specific codon-mutation bias, and for K-Ras4B, over 80% of mutations occur 

at codon 12, with less than 20% at codon 13, and less than 10% at codon 6137. Moreover, 

the relative abundance of different mutated Ras isoforms has been demonstrated to vary in 

different types of cancers, with K-Ras mutations being found most frequently in 

adenocarcinomas and solid tumors, N-Ras mutations most common in leukemia, melanoma 

and thyroid cancers, and H-Ras in bladder carcinomas37,40,41.  

Murine studies have established the overlapping and unique roles of the RAS genes 

in development. Specifically, mice deficient in NRAS and HRAS, both individually or in 
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combination, suffer no ill effects and are still viable, whereas mice that lack KRAS are not 

viable and die after about two weeks of gestation due to liver defects and anemia42–44. This 

result indicates that the KRAS gene alone is sufficient and necessary for development, and 

has essential functional activities.  

1.2 Ras structure and conformational sub-states 

The four isoforms of Ras (H-Ras, N-Ras, K-Ras4A, and K-Ras4B) each consist of a 

catalytic domain having more than 90% sequence identity across isoforms, and a C-terminal 

hypervariable region (HVR)21,45 (see Fig. 1.1 for sequence and secondary structure of K-

Ras4A, the focus of this investigation). K-Ras4A and K-Ras4B are splice variants of the 

KRAS gene that differ only in four catalytic domain residues localized to the α5 helix 

(residues 151, 153, 165, and 166; see Fig. 1.1) and in their HVR sequences (see Fig. 1.3). The 

first 85 residues comprising the N-terminal lobe of the catalytic domain, which are identical 

across Ras isoforms, include a conserved phosphate-binding loop motif (P loop, residues 10 

– 17, motif GxxxxGKS/T) that binds the γ-phosphate of GTP through contacts with main 

chain NH groups and the side chain of lysine residue K1646, and coordinates an Mg2+ ion 

(via Ser/Thr 17) at the nucleotide binding site47,48. The presence of Mg2+ is critical to the 

GTPase activity of Ras and significantly contributes to nucleotide binding, as evidenced by 

the observation that in the GTP-bound state the removal of the Mg2+ ion increases the rate 

of GTP dissociation by nearly 7-fold in wild-type Ras49. Moreover, the Mg2+ ion affects the 

conformation of the nucleoside triphosphate, stretching the intramolecular bonds between 

the β and γ-phosphates of GTP which coordinate the ion and facilitating a planar GTP 

conformation closer to its transition state50. The first 85 residues also contain two switch 

regions: switch I (residues 25 – 40) and switch II (residues 57 – 75), which together modulate 

Ras binding to effectors and regulators, including Raf (switch I) and phosphatidylinositol 3-
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kinase (PI3K) (switch I & II)21,24, and hence residues 1-86 are also denoted as the ‘effector 

lobe’51. Within the switch I region is the conserved residue T35, which is responsible for 

coordinating Mg2+ via its hydroxyl group and interacting with the GTP γ-phosphate via its 

main chain NH48, and the conserved residue F28, which interacts with the guanine base via 

aromatic ring stacking interactions in both GDP and GTP-bound Ras52,53. Within the switch 

II region is the DxxG motif (also known as the Walker B motif), in which D57 participates 

in coordination of the Mg2+ ion via water-mediated interaction46, and in which G60 interacts 

directly with GTP γ-phosphate via its amide group54,55. Guanine nucleotide specificity in Ras 

is conferred by residue D119 in the N/TKxD motif, which forms a bifurcated H-bond with 

guanine, and A146 in the SAK motif, whose main chain interaction with the O6 oxygen of 

guanine would be sterically and electrostatically unfavorable in the presence of an adenine 

amino group46,56. Together with the next 80 amino acids (residues 85 – 165) comprising the 

C-terminal lobe, the first 165 residues of the protein are collectively known as the G-

domain11,45,57, and are structurally comprised of a six-stranded central β-sheet surrounded by 

five α-helices24,56,58 (see Fig. 1.2 for tertiary structure of K-Ras G-domain). The G-domain is 

characterized by a 3-layer αβα sandwich architecture, and the nucleotide-binding site is a 

pocket formed by the β1/α1, α1/β2, β3/α2, β5/α4, and β6/α5 loops46. The C-terminal 

hypervariable region (HVR, residues 165 – 188/189) of Ras proteins, which differs across 

Ras isoforms and in K-Ras4B is lysine-rich21,58 (see Fig. 1.3 for difference in HVR sequences 

across isoforms), is involved in membrane association and is differentially post-

translationally modified, which has a direct functional impact on Ras protein binding to 

effectors, interactions with membrane targets, and membrane localization17,45,59. In addition 

to the C-terminal farnesyl moiety present on all Ras isoforms after post-translational 

processing, H-Ras possesses two sites that can be reversibly palmitoylated, and N-Ras and 
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K-Ras4A each possess one such palmitoyl attachment site17,31. The C-terminal HVR can be 

further subdivided into a presumed unstructured linker region (residues 166 – 179 in H and 

N-Ras, 166-174 in K-Ras), and a membrane-interacting lipid anchor region (residues 180-189 

in N and H-Ras, 175-188 in K-Ras)21. X-ray and NMR structural studies of the HVR have 

demonstrated that this C-terminal tail is highly flexible, and no published structures of the 

full C-terminal domain currently exist for any Ras isoform60. 

Although Ras is known to cycle between an inactive, GDP-bound state and an 

active, GTP-bound state, NMR studies have revealed the existence of two distinct 

conformational states of GTP-bound Ras, denoted state I and state II, that exist in dynamic 

equilibrium and exchange on a millisecond timescale61–63. In state I, residue T35 of GTP-

bound Ras is in an orientation that precludes its ability to coordinate Mg2+ and interact with 

the GTP γ-phosphate, which reduces the affinity of this state to downstream effectors by 

nearly two orders of magnitude, and may in fact allow for its interaction with GEFs62,64,65. In 

state II, GTP-bound Ras exhibits a conformation similar to that observed in Ras-effector 

complexes, in which T35 coordinates Mg2+ via its hydroxyl group and contacts the γ-

phosphate via its backbone NH group, and thus this state demonstrates high affinity for 

effector binding36,66. Mutations of the conserved T35 residue to serine or alanine, which 

result in a partial loss of function mutant that can still interact with Raf but not Ral-GDS, 

shift the dynamic equilibrium predominantly towards state I and consequently attenuate Ras 

binding to effectors48,66, despite the fact that T35 is not directly involved in effector binding. 

Remarkably, Raf binding to the T35S Ras mutant results in a conformational shift towards 

state II, which is coupled to an intrinsic GTPase activity in the effector-bound state 

comparable to wild-type Ras63. However, the low intrinsic GTPase activity of the T35A 

mutant, which remains in the state I conformation upon Raf binding due to the lack of a 
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hydroxyl group, is unaffected by the presence of the effector63. These observations suggest a 

mechanism of conformational selection in which an effector binding event is able to increase 

the population of state II conformations, and also indicate that the two sub-states may have 

distinct functional consequences on the activity of Ras and its oncogenic potential. In fact, 

allosteric small molecule inhibitors that can access surface pockets present in state I have 

been demonstrated in principle to stabilize the low-affinity effector binding state of Ras-

GTP36.  

1.3 Ras membrane trafficking and localization 

The Ras isoforms exhibit differences in their membrane localization as a result of 

their HVRs, which may induce the activation of location-specific signaling pathways that can 

lead to different cellular consequences. The switch I, switch II, and P loop domains, which 

modulate Ras activation and binding to regulators and effectors, are conserved across the H-

Ras, N-Ras, and K-Ras isoforms, and no isoform-specific differences have been found to 

exist in the binding affinity of the isoforms to these effectors67. However, oncogenic 

mutations in each isoform are known to be coupled to different types of cancers, and each 

isoform is not functionally identical. Taken together, these facts suggest that it may not be 

the effector binding domain, but rather the specific subcellular localization of Ras, that can 

influence the particular cellular pathways triggered by each isoform31,68. This idea is 

supported by observations that H-Ras and N-Ras are capable of signaling through the 

ERK/MAPK pathway from the Golgi, and that this activation is delayed and sustained in 

nature, whereas Ras signaling and activation at the plasma membrane is rapid and 

transient15,69,70. More significantly, these signaling differences can lead to proliferation or 

differentiation in PC12 cells depending on which organelle-specific ligand (epidermal growth 

factor (membrane) or nerve growth factor (Golgi)) is administered15. The observations that 
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K-Ras has been found to be a more potent activator of Raf-1 than either H-Ras or N-Ras, 

and that H-Ras has been found to be a more potent activator of PI3K than K-Ras67,71, may 

be similarly explained by the spatially and structurally distinct, non-overlapping membrane 

clusters occupied by each isoform, each containing different concentrations and subsets of 

effectors, and by the contributions of HVR-mediated differences in Ras isoform orientation 

relative to the membrane59,72,73.  

 Following translation and C-terminal processing, farnesylated H-Ras and N-Ras are 

palmitoylated on the cytosolic surface of the Golgi apparatus, which can increase their 

affinity to the plasma membrane by nearly 100-fold, facilitating vesicular transport to the 

plasma membrane17,69,74. Subsequent depalmitoylation of N-Ras and H-Ras at the plasma 

membrane results in retrograde transport to the Golgi apparatus, where Ras is again 

repalmitoylated and redirected towards the plasma membrane via vesicular transport17,69,74, 

resulting in a dynamic partitioning cycle between the membrane and the Golgi.   The stability 

of the palmitate moiety in Ras is directly proportional to its residence time on the 

membrane, and thus the partitioning of H-Ras, which can be doubly palmitoylated, is shifted 

towards the plasma membrane, whereas singly palmitoylated N-Ras is primarily localized to 

the Golgi69,70. In contrast, K-Ras4B, which is not palmitoylated, is shuttled via a Golgi-

independent route to the plasma membrane, and may also associate with a cytosolic 

chaperone protein, PDE6δ, that can facilitate this transport74,75. Notably, K-Ras4B exhibits 

transient interactions with the membrane, on the order of minutes76, whereas the other 

palmitoylated isoforms are more stably associated31. K-Ras4A has recently been found not to 

associate with PDE6δ, and is proposed to associate with the plasma membrane via either 

palmitoylation or its polybasic regions31,74.  

1.4 Germline Ras mutations 
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In addition to the oncogenic potential of the Ras isoforms which has been 

extensively studied, several germline mutations in KRAS, HRAS and NRAS have been 

clinically observed, in combination with mutations of other components of the Ras/MAPK 

pathway and their regulators, to result in congenital developmental disorders. These 

disorders represent clinical manifestations of the important role played by the Ras/MAPK 

pathway in embryologic development in humans, corroborating the findings of earlier 

discussed studies in mice (see end of section 1.1). Such rare developmental diseases include 

Noonan syndrome, Costello syndrome, Cardio-facio-cutaneous syndrome (CFC), and 

neurofibromatosis I, which are all genetically distinct, and are collectively characterized as 

RASopathies or neuro-cardio-facio-cutaneous (NCFC) syndromes15,77–79. Noonan syndrome 

has been associated with mutations in KRAS as well as its immediate downstream effector 

RAF1 and its upstream GEF, SOS1, but appears to be primarily caused by mutations in 

PTPN11, a gene that encodes the protein SHP-2 which is a tyrosine kinase phosphatase that 

likely associates with the EGFR77,79. CFC is primarily associated with mutations in the 

downstream Ras effector BRAF, and to a lesser extent MEK1/277. Costello syndrome, in 

contrast, appears to be solely associated with mutations in HRAS, more specifically missense 

mutations in its first coding exon (80-90% of cases)78. Analogous to oncogenic Ras, a 

majority of nonrelated patients examined (81.3%) exhibit mutations in residue 12, specifically 

G12S, and it is posited that the activating phenotype that results from mutations to this 

residue would cause similarly increased activity of HRAS in these patients78. Remarkably, a 

Costello patient having the oncogenic mutation G12V was found to live up to 18 months 

before dying of cardiomyopathy, suggesting that oncogenic HRAS in the absence of other 

activating mutations may not be sufficient to result in cellular transformation80. However, 

murine studies with oncogenic KRAS (G12D) seem to refute this notion by demonstrating 
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that conditional expression of this Ras mutant in mouse fibroblasts causes increased 

proliferation and partial transformation in the absence of any other mutations, and that 

widespread expression of the G12D mutant is embryonically lethal81.  

1.5 Motivation of this study 

Despite a number of prior investigations claiming K-Ras4A to be a minor species 

relative to K-Ras4B12,82–85, recently published research using splice variant-specific primers 

and antibodies has demonstrated that K-Ras4A is expressed in colorectal and bladder-

derived tumor cell lines and in primary human colorectal adenocarcinoma tissues at levels 

equal to or greater than K-Ras4B, both in terms of mRNA transcript and protein 

expression74. Moreover, K-Ras4A was found to be expressed in 30 different human cancer 

cell lines from various tissue types, accounting for 10 – 50% of total KRAS expression in 

these cells, which is much higher than previously reported in the literature74. These findings 

place a new focus on understanding the functional implications and importance of K-Ras4A 

expression in cells alongside K-Ras4B, and suggest that these isoforms have distinct 

physiological activities that are presently unknown.  

The K-Ras4A isoform may play an under-appreciated role in human cancers. Prior 

studies have demonstrated that the ratio of K-Ras4A to 4B expression is commonly altered 

in colorectal cancers in favor of K-Ras4B, and that both splice variants are co-expressed in 

cancer cells12,86 and differentially expressed in murine85,87,88 and human12,87 tissues. More 

significantly, the co-expression of both splice variants is seen in colorectal tumors, colon 

cancer cell lines, and in pancreatic and lung tissues where KRAS oncogenic mutations are 

predominant12,89. Other studies employing murine K-Ras4B knock-in and K-Ras4A 

knockout models suggest that K-Ras4B alone is not sufficient to induce lung tumorigenesis, 

and that in vivo lung oncogenesis is also mediated by K-Ras4A activity89,90. In addition, 
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exogenous administration of oncogenic (G12V) K-Ras4A protein to cells in vitro has been 

found to induce cell transformation more efficiently than oncogenic (G12V) K-Ras4B12,89. 

Critically, oncogenic (G12V) K-Ras4A and 4B differ in their ability to activate the 

downstream effector Raf-1, and each isoform has also been demonstrated to exhibit unique 

functional activities: only oncogenic K-Ras4A is able to induce anchorage-independent 

cellular growth in vitro, and only oncogenic K-Ras4B is able to induce cellular migration and 

metastasis89,91,92. In clinical studies, the relative expression of K-Ras4A and 4B has been 

demonstrated to result in distinct prognostic biomarkers, with the expression of cytosolic K-

Ras4A in colorectal cancer patients correlated with a better overall survival rate compared to 

patients in whom expression was attenuated or absent93. Despite such findings, the influence 

of the K-Ras4A isoform on cancer pathogenesis is still largely unclear74. 

 Although studies at the genetic, transcriptional, and tissue level have demonstrated 

that the relative expression of K-Ras4A and 4B is significantly altered in colorectal cancer 

tissues and cell lines as well as in melanoma, and that K-Ras4A may have additional 

oncogenic significance in lung carcinomas, the mechanistic reason behind such an isoform-

specific expression ratio is still not known. Furthermore, it has been demonstrated that K-

Ras4A and 4B are differentially expressed in tissues, but the etiology of such K-Ras isoform 

expression specificity in cancer types is still not understood. Moreover, a specific correlation 

of amino acid differences to functional differences between isoforms, particularly for the 

HVR region of K-Ras, has not been investigated in detail, even though the amino acid 

sequences of each K-Ras isoform are well-known. The fact that the amino acid sequence of 

the K-Ras4A and 4B isoforms are nearly identical in the catalytic domain, with the principal 

difference being in the HVR, coupled to differences in isoform abundance during 

oncogenesis, point towards a potential link between the HVR and Ras activity that warrants 
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further investigation. Although scientific literature suggests that the C-terminal HVR of K-

Ras imparts critical functional specificity to Ras physiological activities, membrane 

localization, and oncogenic signaling, it is not known whether the HVR of Ras confers 

functionality beyond its well-established role in Ras subcellular localization. To address these 

unanswered questions, this work aims to investigate, on a molecular level, the differences in 

the conformational dynamics of K-Ras4A and 4B in both GDP and GTP-bound states, and 

assess its potential impact in conferring functionality that may influence the predisposition 

of K-Ras isoforms in cancers or the nature of K-Ras oncogenic signaling. On this basis, the 

central goal of this thesis project is to further examine the significance of K-Ras4A and 4B 

isoform-specific residue differences in the catalytic domain and hypervariable region (HVR). 

All-atom molecular dynamics simulations of the K-Ras4A and 4B catalytic domains and the 

full length K-Ras4A and 4B proteins have been utilized to determine how the specific 

residue differences between the K-Ras isoforms modulate the conformation of K-Ras, and 

may thereby affect its functional activity and oncogenic signaling potential. 
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Figure 1.1: Sequence and secondary structure of K-Ras4A, and residue differences between 
K-Ras4A and K-Ras4B. Top: sequence and secondary structure of K-Ras4A, where basic 
residues are denoted in blue, hydrophobic residues are denoted in black, polar and glycine 
residues are denoted in green, and acidic residues are denoted in red. Residues with post-
translational modifications are indicated. Bottom: an illustration of specific residue 
differences between K-Ras4A and K-Ras4B, with differences highlighted in yellow. 
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Figure 1.2: Tertiary structure of K-Ras catalytic domain (residues 1-166). Residue 
numbering is included for all secondary structure elements and the Switch I and Switch II 
residues. 
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Figure 1.3: Hypervariable region sequences of all Ras isoforms. Regions having basic 
character are denoted as polybasic regions (PBR). Basic residues are denoted in blue, 
hydrophobic residues are denoted in black, polar and glycine residues are denoted in green, 
and acidic residues are denoted in red. In each isoform, farnesylated cysteine residues are 
denoted by an orange lipid group, whereas reversibly palmitoylated cysteine residues are 
denoted by green lipid groups. 
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Chapter 2  

Methods and Computational Techniques 

Overview 

This chapter will begin with a discussion of the theoretical background behind the methods 

utilized to investigate the conformational dynamics of K-Ras4A and K-Ras4B in both the 

GDP and GTP-bound states. Each method overview is followed by a presentation of the 

experimental procedures used. The computational techniques used to analyze the results of 

this investigation are subsequently discussed. 

2.1 All-atom molecular dynamics (MD) simulations of K-Ras4A and K-Ras4B 

Rationale 

Molecular dynamics simulations of GDP and GTP-bound K-Ras isoforms can 

define the space of conformational and energetic states occupied by the protein, providing a 

basis for further analysis with experimental data. In order to investigate the conformational 

dynamics of the K-Ras isoforms on a structural and molecular level, 100 nanosecond MD 

simulations were performed on the catalytic domain (residues 1-166) of K-Ras4A and K-

Ras4B, the full-length K-Ras4A protein (residues 1-186) in both GDP and GTP-bound 

states, and truncated (residues 1-180) GDP and GTP-bound K-Ras4A and K-Ras4B 

isoforms. This time scale (10-7 s) is sufficient to capture important protein motions, including 

the relative motion of protein domains (hinge bending, 10-11 – 10-7 s), loop motions (10-9 – 

10-5 s), side chain rotamer configurations (10-11 – 10-10 s), and helix motions (10-9 – 10-6 s)94–97. 

These simulations aim to elucidate how the specific residue differences between K-Ras4A 

and K-Ras4B can modulate the conformational sampling of the isoforms, and thereby lead 
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to differences in K-Ras functional activity and propensity for interaction with downstream 

effectors. 

Theoretical Background 

Molecular dynamics is a computational technique that utilizes the ideas of classical 

Newtonian physics to numerically approximate the motions of atoms in a system over a 

specified timescale94,98,99. Critically, it allows one to examine the thermodynamic and kinetic 

properties of a system, using the scientific formalism of statistical mechanics to translate the 

obtained atomic level data (e.g., atomic positions and velocities) to into observable 

macroscopic quantities (e.g. changes in free energy of the system). Biomolecules including 

proteins and nucleic acids are known to exhibit dynamic internal motions of their 

constituent atoms, which play a critical role in their biological activities, including substrate 

binding, signal transduction, and catalysis100–102. With the advent of crystallographic and 

nuclear magnetic resonance (NMR) techniques, and the ability to obtain high-resolution 

molecular structures with defined atomic coordinates (i.e., Protein Data Bank (PDB) 

structures), MD simulations represent an important method to investigate and predict the 

biologically relevant motions of proteins and other macromolecules99. Namely, MD 

simulations can be used in conjunction with macroscopic experiments conducted on such 

macromolecules to address important functional details of a system, and such experiments 

conversely provide a means of validation for the accuracy of molecular simulation 

techniques99,101. Furthermore, MD simulations afford a degree of flexibility in the sense that 

the researcher has complete control of how the molecular system is defined (i.e., conditions 

of temperature, pressure, ionic concentration, solvation medium, ligands present, etc.). This 

allows for the investigation of biophysical properties and molecular events that may be very 

difficult to capture through traditional experimental techniques. Despite these advantages, it 
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is necessary to be aware of two key limitations of molecular dynamics, namely that of 

inaccuracies in the force field, which may lead to the sampling of incorrect conformations, 

and the computational cost of simulating a system, which limits the extent of conformational 

space that can be sampled103–105. These and other challenges are being actively considered by 

researchers to improve the accuracy and utility of MD simulations106. 

In MD simulations, the constituent atoms of macromolecules are represented as 

spheres, with the forces acting on each atom modeled using an additive potential energy 

function that accounts for both bonded and non-bonded interactions94,107. Bonded 

interaction terms include the treatment of chemical bonds and atomic angles as simple 

springs, and dihedral angle potentials with a periodic, sinusoidal function99. Many energy 

functions also include a harmonic term for improper torsions (out-of-plane distortions), 

used mainly to maintain molecular planarity and chirality108. Non-bonded atomic interactions 

include both van der Waals repulsive and attractive forces, modeled with the Lennard-Jones 

potential, as well as electrostatic interactions, modeled with Coulomb’s law107,109. The 12-6 

Lennard-Jones potential is comprised of two terms: the first (“12” term) is a repulsive term 

that prevents the electron orbitals of two uncharged atoms from interacting, and the second 

(“6” term) is an attractive term accounting for London dispersion forces109. A potential 

energy function, together with its defined parameters, is referred to as a molecular “force 

field”107,108. The most commonly used force fields, which include the aforementioned 

summations over bonds, angles, torsions and non-bonded interactions, are considered to be 

Class I additive force fields, whereas Class II force fields incorporate additional cross-terms 

and higher order terms that can provide more accuracy for non-equilibrium or high-energy 

conformers94,107. The CHARMM36 force field110, used for all simulation procedures 

described in this investigation, is considered a Class I additive force field. 
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 Under the context of the specific force field being used for simulation, Newton’s 

classical equation of motion can be used to describe the force acting on a single atom, i, in a 

molecular system: 

�⃗�𝑖 = 𝑚𝑖

𝜕2𝑟𝑖

𝜕𝑡2
                 (2.1) 

Here, acceleration is expressed in terms of the second partial derivative of each atomic 

coordinate in Euclidean space with respect to time, where the atomic position is given by the 

3-dimensional vector 𝑟𝑖, and mi is the mass of atom i. The force on the atom is equivalently 

expressed as the negative gradient of the potential energy function U(𝑟𝑖) with respect to 

atomic position, 

�⃗�𝑖 = −
𝜕𝑈(𝑟𝑖)

𝜕𝑟𝑖
               (2.2) 

In a molecular dynamics simulation, atomic coordinates are moved according to the above-

mentioned force calculation, and the time step is then advanced by some specified interval, 

Δt. A number of numerical techniques are available to approximate the solution to the 

second-order differential equation (2.1) presented above (which for a system of N atoms 

would require 3N computations at every time step), in order to determine the updated 

position and velocity of an atom at time (t + Δt), from which the forces on the atoms can 

again be recomputed98,111. The most commonly used of these algorithms are the Verlet 

algorithm, which is based on Taylor series expansions, and its counterparts, the velocity 

Verlet and leapfrog algorithm, which explicitly account for the velocity calculation112,113. 

NAMD (Nanoscale Molecular Dynamics), the code used for all simulation procedures in this 

investigation, employs a velocity Verlet algorithm to update atomic positions and 

velocities114. Moreover, NAMD employs a multiple-timestep integration method, in which 

long-range electrostatic interactions are not evaluated every timestep, but rather evaluated 
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periodically, to increase integration efficiency114. NAMD also employs periodic boundary 

conditions, in which all atoms of a system are enclosed in a 3-dimensional cell that is 

periodically translated such that if a particle leaves the cell during the simulation process, a 

copy of that particle enters the cell on the opposite side114. 

Simulation details 

A summary of all the simulations conducted in this investigation is provided in Table 

2.1. All counter-ions described in the following simulation procedures were added in 

stoichiometric quantities such that the total ionic concentration in each system was 0.1 M. 

More detailed simulation and setup procedures are provided below. 

Molecular structures of K-Ras4A catalytic domain 

  Two crystal structures of the K-Ras4B isoform were obtained from the Protein Data 

Bank (PDB) in both the GDP-bound (PDB ID: 4EPT) and GNP-bound (PDB ID: 3GFT) 

states, and subsequently used to model the catalytic domain of the K-Ras4A protein. Specific 

residue modifications were made to each structure to reflect the sequence of the K-Ras4A 

G-domain, as follows: G151R, D153E, K165Q, and H166Y. The structure of 4EPT 

contains the point mutation C118S, and the structure of 3GFT also contains a point 

mutation, Q61H. Both of these point mutations were replaced with the wild-type residues. 

In 3GFT, the GNP was replaced by GTP. Histidine residues were set to a neutral form 

(HSD). A couple hundred iterations of energy minimization using the steepest descent (SD) 

and adopted-basis Newton-Raphson (ABNR) methods (i.e., 200 iterations of each) were 

subsequently performed to ensure that the structure was in its most stable conformation, 

and resolve any potential steric clashes that may have been introduced by these changes. The 

energy minimization, all edits, and the construction of missing hydrogen coordinates from 

the PDB files were performed using an input script written for the molecular simulation 
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program CHARMM (Chemistry at HARvard Molecular Mechanics)110. The same CHARMM 

input script also generated the corresponding protein structure files and coordinate files for 

use in later steps. Structures were visualized with the molecular visualization programs 

VMD115 and PyMol (Schrödinger, LLC).  

Molecular structure of the K-Ras4A HVR 

  The 23-residue HVR peptide was constructed de novo using the CHARMM molecular 

simulation program, and visualized with VMD. The CHARMM input script for this process 

specified the amino acid sequence of the peptide, calculated its energy based on peptide 

bonds, dihedral angles, and torsions, constructed Cartesian coordinates for the peptide based 

on internal coordinates, and performed an energy minimization of the resulting peptide 

structure using 100 iterations of the SD method. The resulting structure was visualized with 

VMD and PyMol. 

MD Simulations of the K-Ras4A catalytic domain 

The initial configurations of the GDP and GTP-bound K-Ras4A catalytic domains 

were solvated by the modified TIP3P water model, and the solvated systems were 

subsequently minimized (2fs/step) using the conjugate gradient method with the catalytic 

domain backbone held rigid for 50,000 time steps, followed by a dynamics cycle of 100,000 

steps. The unit cell dimension for both systems was ~119 Å3 and contained ~167,000 atoms. 

The GDP-bound K-Ras4A catalytic domain system was neutralized with 50 Na+ and 42 Cl-, 

but 51 Na+ were needed for the GTP-bound K-Ras4A catalytic domain system. In addition, 

both systems contained a single coordinating Mg2+at the nucleotide-binding site. The 

neutralized systems were minimized (2fs/step) using the conjugate gradient method with the 

protein backbone held rigid for 50,000 time steps, followed by a dynamics cycle of 100,000 

time steps. Harmonic restraints were then placed on the heavy atoms (k = 5 
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kcal/mol/Å2/atom) and gradually relaxed to k = 0 with a full PME calculation and a 

constant temperature (Nose’-Hoover) thermostat/barostat at 310K. Following pre-

equilibration, a 100 ns production run was performed with the NAMD 2.9 code and 

CHARMM c37b2 on the Biowulf cluster at the NIH (a 130 ns run was performed on GTP-

bound K-Ras4A as the system required a longer time to reach equilibrium). Periodic 

boundary conditions with a full Ewald electrostatics calculation were used, specifying a local 

interaction distance of 12 Å and a pair list inclusion distance of 14 Å. In all minimization and 

dynamics steps, SHAKE116 was used to constrain the motion of bonds involving hydrogen 

atoms. Trajectories were written every 100 picoseconds. Subsequent analysis was performed 

with CHARMM. The resulting simulation trajectories and structure visualization was 

performed with VMD and PyMol. 

Molecular structure of the full-length K-Ras4A protein 

  The previously generated HVR peptide (see HVR molecular structure procedure 

above) was covalently connected to Y166 in both the GDP and GTP-bound catalytic 

domain structures, followed by several hundred iterations of energy minimization, using a 

CHARMM input script. 

MD Simulations of full-length K-Ras4A 

  Five initial configurations of full-length GDP and GTP-bound K-Ras4A (10 systems 

in total), were obtained using replica-exchange molecular dynamics (REMD, see section 2.2). 

These systems were solvated by the modified TIP3P water model, and then subsequently 

minimized (2fs/step) using the conjugate gradient method with the protein backbone held 

rigid for 50,000 time steps, followed by a dynamics cycle of 100,000 steps. The unit cell 

dimensions varied by system and thus also varied in the total number of atoms (~40,000 – 

65,000). The systems were subsequently neutralized, with the number of counter-ions 
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needed to neutralize the GDP-bound and GTP-bound K-Ras4A systems varying in each 

simulation (see Table 2.1). All systems contained a single coordinating Mg2+at the nucleotide-

binding site. The neutralized systems were minimized (2fs/step) using the conjugate gradient 

method with the protein backbone held rigid for 50,000 time steps, followed by a dynamics 

cycle of 100,000 time steps. Harmonic restraints were then placed on the heavy atoms (k = 5 

kcal/mol/Å2/atom) and gradually relaxed to k = 0 with a full PME calculation and a 

constant temperature (Nose’-Hoover) thermostat/barostat at 310K. Following pre-

equilibration, a 100 ns production run was performed with the NAMD 2.9 code and 

CHARMM c37b2 on the Biowulf cluster at the NIH. Periodic boundary conditions with a 

full Ewald electrostatics calculation were used, specifying a local interaction distance of 12 Å 

and a pair list inclusion distance of 14 Å. In all minimization and dynamics steps, SHAKE 

was used to constrain the motion of bonds involving hydrogen atoms. Trajectories were 

written every 100 picoseconds. Subsequent analysis was performed with CHARMM. The 

resulting simulation trajectories and structure visualization was performed with VMD and 

PyMol. 

Molecular structures of truncated K-Ras4A and 4B (1-180) 

Two crystal structures of the K-Ras4B isoform were obtained from the Protein Data 

Bank (PDB) in both the GDP-bound (PDB ID: 4DSU) and GSP-bound (PDB ID: 4DSO) 

states, and subsequently used to model the truncated isoforms (residues 1-180) of the K-

Ras4A and K-Ras4B proteins. Specific residue modifications were made as follows for both 

the GDP and GTP-bound K-Ras4A isoforms: G151R, D153E, K165Q, and H166Y, as well 

as the modifications S1M and D12G, which are wild-type reversions of point mutations 

introduced by the publishers of the crystal structures. All of the HVR residues from 

positions 167-180 were also modified to reflect the HVR sequence of K-Ras4A in both 
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4DSO and 4DSU, and the GSP nucleotide in the 4DSO structure was converted to GTP. 

To generate the appropriate K-Ras4B GDP and GTP-bound structures, the wild-type 

reversions S1M and D12G were performed, and the GSP nucleotide in the 4DSO structure 

was converted to GTP. Histidine residues were set to a neutral form (HSD). Hundreds of 

iterations of energy minimization using both the steepest descent (SD, 2,600 iterations) and 

adopted-basis Newton-Raphson (ABNR, 800 iterations) methods were subsequently 

performed in each system. The energy minimization, all edits, and the construction of 

missing hydrogen coordinates from the PDB files were performed using CHARMM input 

scripts. The same CHARMM input scripts were also used to generate the corresponding 

protein structure files and coordinate files for use in later steps. Structures were visualized 

with the molecular visualization programs VMD and PyMol. 

MD Simulations of truncated K-Ras4A (1-180) 

The initial configurations of the GDP and GTP-bound K-Ras4A and K-Ras4B (1-180) 

systems were solvated by the modified TIP3P water model, and the solvated systems were 

subsequently minimized (2fs/step) using the conjugate gradient method with the catalytic 

domain backbone held rigid for 50,000 time steps, followed by a dynamics cycle of 100,000 

steps. The unit cell dimension for all systems was ~83 Å3 and contained ~58,000 atoms. The 

number of counter-ions needed to neutralize each system differed, depending on the system 

(see Table 2.1). Both systems contained a single coordinating Mg2+at the nucleotide-binding 

site. The neutralized systems were minimized (2fs/step) using the conjugate gradient method 

with the protein backbone held rigid for 50,000 time steps, followed by a dynamics cycle of 

100,000 time steps. Harmonic restraints were then placed on the heavy atoms (k = 5 

kcal/mol/Å2/atom) and gradually relaxed to k = 0 with a full PME calculation and a 

constant temperature (Nose’-Hoover) thermostat/barostat at 310K. Following pre-
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equilibration, a 100 ns production run was performed with the NAMD 2.9 code and 

CHARMM c37b2 on the Biowulf cluster at the NIH. Periodic boundary conditions with a 

full Ewald electrostatics calculation were used, specifying a local interaction distance of 12Å 

and a pair list inclusion distance of 14Å. In all minimization and dynamics steps, SHAKE 

was used to constrain the motion of bonds involving hydrogen atoms. Trajectories were 

written every 100 picoseconds. Subsequent analysis was performed with CHARMM. The 

resulting simulation trajectory and structure visualizations were performed with VMD and 

PyMol. 

2.2 Replica-exchange molecular dynamics (REMD) simulations of K-Ras4A 

Theoretical Background 

REMD117,118 is a technique that addresses the problem of biased sampling at low 

temperatures, wherein molecular systems tend to get trapped in local energetic minima due 

to the ruggedness of the energetic landscape of conformational states (i.e., the presence of 

energy barriers which prevent certain conformations from being realized). The distribution 

of energetic states of a system is generally determined by the Boltzmann distribution, and 

thus methods which aim to overcome the sampling problem, referred to as generalized-

ensemble algorithms, use non-Boltzmann probability factors to allow for “random walks” in 

energy space, which allow for greater conformational sampling and facilitate escape from 

local-minima energetic states118,119. However, the probability factors to be used are generally 

not known in advance, which can pose difficulties118. The advantage of replica-exchange 

molecular dynamics is the fact that the weight factor can be determined in advance, which 

ameliorates this difficulty119.  In this method, a certain number of independent copies 

(replicas) of a molecule, generally in a canonical (NVT) ensemble, are simulated at different 

temperatures, with a one-to-one correspondence such that there is only one replica at each 
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temperature117,118. Systems simulated at higher temperatures are able to sample more 

conformational space, whereas systems at low temperatures may get stuck in local energetic 

minima117. To ensure that all systems achieve a good sampling of conformational states, the 

replica exchange method facilitates the exchange of replicas at different temperatures 

according to a Metropolis criterion, in which the exchange is guaranteed if ∆ =

(𝐸(𝑞[𝑖]) − 𝐸(𝑞[𝑗])) [𝛽𝑛 − 𝛽𝑚] ≤ 0, but occurs with probability 𝑒−∆ if  ∆ is greater than 0, 

where 𝐸(𝑞[𝑖])  and 𝐸(𝑞[𝑗]) represent the potential energy of replicas in configurations i and 

j, respectively, and β = 1/kbT, where n and m denote the temperature of the system118,119. Due 

to the one-to-one relationship between replica and temperature, an exchange in temperatures 

is equivalent to an exchange in the configurations (i.e. complete coordinate information) of 

each replica118. Thus, it is possible to see that although any set of temperatures can 

theoretically be exchanged, their probability of exchange drops exponentially based on the 

differences in β between the two systems. The net result of this process is that all systems are 

able to sample different energetic states, which can accelerate an equilibrium sampling of 

states for each system, and consequently facilitate sampling of greater conformational space. 

In this investigation, REMD was used as a substitute method for experimental NMR studies 

to obtain initial full-length K-Ras4A conformations, in which the latter method would have 

provided a larger and more representative ensemble of structures, but was unfortunately 

unavailable at the time of this investigation. 

Initial Configurations of full-length K-Ras4A isoforms 

A 10 nanosecond replica-exchange molecular dynamics simulation of the full-length K-

Ras4A protein in the GDP and GTP-bound states was conducted on the Biowulf cluster at 

the NIH, with the purpose of sampling the conformational space available to the protein. 
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Twelve replicas of full-length K-Ras4A were simulated at specific starting temperatures, 

starting at a minimum temperature of 300 K and a maximum temperature of 340 K, 

incremented gradually for each replica. During the simulation, temperatures were exchanged 

between trajectories according to a Metropolis criterion. The first seven low-temperature 

replica trajectories were analyzed to determine ensemble configurations with favorable 

interaction energies between the catalytic domain and the HVR. From this process, five 

initial configurations were obtained for each nucleotide-bound state, for a total of 10 

systems. 

2.3 Techniques to Analyze Molecular Dynamics Trajectories 

Dynamic Cross Correlation Matrices (DCCM) 

Cross-correlation is a technique that is used to identify correlated atomic motions, 

which can provide insight into long-range communication pathways between functionally 

relevant protein residues. Negative values correspond to anti-correlated dynamic 

fluctuations, whereas positive values correspond to positively correlated dynamic 

fluctuations. Zero values imply no dynamic correlation between the residues. Here, 

correlation is defined based on the motions of residues in relation to one another, and 

correlation coefficients are determined based on vectors of atomic coordinates. The dynamic 

cross correlation between two atoms, a and b, is a normalized covariance, where covariance 

between a and b is first defined as the time ensemble average (denoted as < >) of the dot 

product of the displacements of each atom about their average coordinates: 

𝑐(𝑎, 𝑏) = < ∆𝑟�̅�(𝑡) ∙ ∆𝑟�̅�(𝑡) >                        (2.3) 

Here, 𝑟�̅�(𝑡) and 𝑟�̅�(𝑡) denote the coordinate vector of each atom as a function of time t, 

and ∆𝑟�̅�(𝑡) =  𝑟�̅�(𝑡)− < 𝑟�̅� >. Then the dynamic cross correlation is obtained by 

normalizing the covariance by the products of the RMSF of each atom120: 
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𝐷𝐶𝐶(𝑎, 𝑏) =  
< ∆𝑟�̅�(𝑡) ∙ ∆𝑟�̅�(𝑡) >

√||∆𝑟�̅�(𝑡)||
2

√||∆𝑟�̅�(𝑡)||
2

      (2.4) 

The pairwise DCC result for each atom can then be written in matrix format to obtain a 

DCCM, which can also be plotted as a heat map based on correlation values. 

3-Dimensional water density maps 

This technique examines a molecular dynamics trajectory in aqueous solvent and 

determines water residence times throughout the course of a MD simulation. By visually 

comparing the populations of waters and their locations between the dynamics trajectories 

of two closely related proteins, it becomes possible to make inferences regarding the solvent 

accessibility of protein surface pockets. The identification of differences in solvent 

accessibility may have important functional relevance. 

Root-mean-square deviation (RMSD) 

With respect to protein conformations, the RMSD is a metric that is commonly used 

to evaluate the average distance between all the atoms of two protein structures, and thereby 

determine the extent of difference in their 3-dimensional coordinates. In the context of this 

investigation, the RMSD was used to evaluate the conformational differences in the K-

Ras4A catalytic domain, HVR, and full-length structures over the time course of the 

simulation, with respect to their reference structures (defined as the final structure obtained 

after Ewald minimization in which the force constant was gradually reduced to k = 0, which 

was the starting structure for the MD production runs). This allowed for the evaluation of 

system equilibration and the identification of conformational fluctuations as a function of 

time. For a given time step, the RMSD is computed as: 
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RMSD (𝑢, 𝑣) = √
1

𝑁
∑||𝑢𝑖 − 𝑣𝑖||

2
𝑁

𝑖=1

                    (2.3) 

where u and v represent the coordinates of two molecular structures with N atoms. 

Root-mean-square fluctuation (RMSF) 

Whereas the RMSD measures the average differences in the position over all atoms, 

the RMSF is used to examine the deviation in the position of each atom averaged over time. 

These deviations are generally evaluated with respect to the average structure from a 

molecular trajectory. Thus, the RMSD can be used to evaluate differences between different 

protein conformations, while the RMSF can be used to evaluate the dynamic fluctuations of 

each residue about a reference conformation. This metric of fluctuation is analogous to the 

B-factor commonly seen in crystallographic studies, which denotes the vibrational motion of 

each atom and is commonly accepted as a metric of structural flexibility. The RMSF is 

computed as: 

𝑅𝑀𝑆𝐹 = √
1

𝑇
∑[𝑢(𝑡𝑖) − �̅�𝑖]2

𝑇

𝑡𝑖=1

                       (2.4) 

where T is the time over which the average is computed, 𝑢(𝑡𝑖) is the atomic coordinate at 

time ti, and �̅�𝑖 is the reference position of the atom. 

Average structure superposition 

In this technique, the average structure over the course of a simulation trajectory is 

determined for two different proteins, and then these proteins are structurally aligned such 

that the RMSD (see above) between the aligned residues is minimized. The highly-populated 

native state ensemble of a protein is known to sample conformations about its average 

structure, and thus the computation of an average structure from the simulation trajectory 
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can provide a good approximation of a representative protein conformation for further 

analysis. In this investigation, average structure superposition was used to elucidate the 

conformational differences between the catalytic domains of the two isoforms of K-Ras. By 

visually examining sources of potential differences in these conformations, it is possible to 

make hypotheses about the impact of these structural differences on functional activity. 

Computed NMR chemical-shift perturbations (CSPs) 

In the absence of experimental NMR data, computational techniques are available to 

approximate the chemical shift of atomic nuclei in protein residues given an input PDB 

structure, where chemical shift can be qualitatively considered as a metric of nuclear 

shielding in the presence of an external magnetic field. By computing the chemical shift 

perturbations in one structure relative to another, it becomes possible to quantitatively 

identify differences in protein conformation as a result of differences in local environment 

on a per-residue basis. In this investigation, the SHIFTX2 server121, which utilizes machine 

learning techniques and also incorporates protein structural features, was used to determine 

the chemical shift perturbations of the catalytic domain of K-Ras4A over K-Ras4B in both 

the GDP-bound and GTP-bound states. 

Free-Energy Landscape Diagrams 

During the course of a molecular dynamics simulation, an ensemble of 

conformational states are sampled according to a Boltzmann probability distribution, with 

each conformation having a different energetic state. It is anticipated that a MD simulation 

procedure, when conducted for a reasonable length of time, will sample a sufficiently large 

and representative population of conformations such that the long-time average of some 

measurable physical property of the system is equivalent to the average of that physical 

property over all conformations sampled in the ensemble. Under this assumption of 
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representative sampling, it becomes possible to approximate the Helmholtz free-energy 

difference between conformational states in terms of the probability of finding the system in 

a particular state, with the lowest free energy difference corresponding to the most highly 

populated state122,123: 

∆𝐺(𝑢) = −𝑘𝛽𝑇𝑙𝑛[𝑃(𝑟) − 𝑃𝑚𝑎𝑥(𝑟)]               (2.5)  

Here, 𝐺(𝑢) is the free energy of the state, 𝑘𝛽 is the Boltzmann constant, and T is the 

temperature of the simulation in Kelvin. In this method, the particular state of the system, 

also termed its reaction coordinate, can be defined by any parameter that the user prefers 

(e.g. RMSD, radius of gyration, etc., defined in equation 2.5 as 𝑟): one only needs to 

determine the probability density distribution of the ensemble based on this parameter 

(defined above as 𝑃(𝑟)) and the maximum probability (defined as 𝑃𝑚𝑎𝑥(𝑟)) from the MD 

simulation. In order to generate a two-dimensional free-energy landscape, one can define 

two different reaction coordinates, r1 and r2, from which the joint probability distribution P 

(r1, r2) can be used to compute a free-energy landscape diagram. By performing such a 

procedure, it becomes feasible to visualize differences in the distribution and population of 

conformational states between two closely related systems. 

Principal component analysis (PCA) 

PCA is a commonly used statistical method that is used to reduce the dimensionality 

of a multivariate dataset. In MD simulations, for instance, each time step of a trajectory of N 

atoms produces 3N coordinates124,125. One can thus imagine a trajectory as a t × 3N matrix, 

where t is the total number of time steps in the simulation. The purpose of PCA in this 

context is to obtain from such a structural dataset a few degrees of freedom that can capture 

the most significant or “essential” dynamics of the system. A PCA is essentially a linear 

transformation that entails solving the canonical equation Ax = λx, where A in this case is a 
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matrix of atomic position covariances (see DCCM section above), which by definition is 

square and symmetric, to obtain a set of 3N eigenvectors and associated eigenvalues. 

Diagonalizing A results in some matrix M whose column vectors are the eigenvectors, or 

principal components, of A, and a diagonal matrix of eigenvalues. The matrix of 

eigenvectors M is traditionally normalized such that it represents an orthonormal basis. The 

results of a PCA analysis can subsequently be visualized by projecting the high-dimensional 

dataset onto a two-dimensional plane using a transformation matrix defined by the two 

eigenvectors of interest (typically the first two principal components, PC1 and PC2). In this 

investigation, PCA was conducted using the Bio3D package available in the R programming 

language126,127. 
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Table 2.1 Summary of all simulations conducted in this investigation. 

Simulation 
Type 

Simulation 
Time (ns) 

Starting PDB 
ID 

PDB 
Modifications 

Residues Ligands Counter-
ions 

K-Ras4A, 
catalytic 
domain 

100 4EPT G151R, D153E, 
K165Q, 

H166Y, S118C, 
H61Q 

1-166 GDP, 
Mg2+ 

50 Na+, 42 
Cl- 

K-Ras4A, 
catalytic 
domain 

130 3GFT G151R, D153E, 
K165Q, 

H166Y, S118C, 
H61Q, GNP → 

GTP 

1-166 GTP, 
Mg2+ 

51 Na+, 42 
Cl- 

K-Ras4A, full-
length 

100 N/A (REMD 
Config. #1) 

N/A 1-186 GDP, 
Mg2+ 

5 Na+, 3 Cl- 

K-Ras4A, full-
length 

100 N/A (REMD 
Config. #2) 

N/A 1-186 GDP, 
Mg2+ 

7 Na+, 5 Cl- 

K-Ras4A, full-
length 

100 N/A (REMD 
Config. #3) 

N/A 1-186 GDP, 
Mg2+ 

7 Na+, 5 Cl- 

K-Ras4A, full-
length 

100 N/A (REMD 
Config. #4) 

N/A 1-186 GDP, 
Mg2+ 

7 Na+, 5 Cl- 

K-Ras4A, full-
length 

100 N/A (REMD 
Config. #5) 

N/A 1-186 GDP, 
Mg2+ 

15 Na+, 13 
Cl- 

K-Ras4A, full-
length 

100 N/A (REMD 
Config. #1) 

N/A 1-186 GTP, 
Mg2+ 

7 Na+, 4 Cl- 

K-Ras4A, full-
length 

100 N/A (REMD 
Config. #2) 

N/A 1-186 GTP, 
Mg2+ 

18 Na+, 15 
Cl- 

K-Ras4A, full-
length 

100 N/A (REMD 
Config. #3) 

N/A 1-186 GTP, 
Mg2+ 

7 Na+, 4 Cl- 

K-Ras4A, full-
length 

100 N/A (REMD 
Config. #4) 

N/A 1-186 GTP, 
Mg2+ 

7 Na+, 4 Cl- 

K-Ras4A, full-
length 

100 N/A (REMD 
Config. #5) 

N/A 1-186 GTP, 
Mg2+ 

18 Na+, 15 
Cl- 

K-Ras4A, 
truncated 
isoform 

100 4DSU G151R, D153E, 
K165Q, 

H166Y, S1M, 
D12G, residues 

167-180 

1-180 GDP, 
Mg2+ 

16 Na+, 11 
Cl- 

K-Ras4B, 
truncated 
isoform 

100 4DSU S1M, D12G 1-180 GDP, 
Mg2+ 

14 Na+, 13 
Cl- 

K-Ras4A, 
truncated 
isoform 

100 4DSO G151R, D153E, 
K165Q, 

H166Y, S1M, 
D12G, GSP → 
GTP, residues 

167-180 

1-180 GTP, 
Mg2+ 

17 Na+, 11 
Cl- 

K-Ras4B, 
truncated 
isoform 

100 4DSO S1M, D12G, 
GSP → GTP 

1-180 GTP, 
Mg2+ 

15 Na+, 13 
Cl- 

Total simulation time: 1.63 μs 
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Chapter 3  

Results and Discussion 

Introduction 

In this chapter, the results of the analyses concerning the conformational dynamics 

of the full-length and catalytic domain structures of K-Ras4A in both nucleotide bound 

states will be discussed in the context of their potential functional significance on Ras 

activity. First, results concerning specific differences in the conformational fluctuations of 

the catalytic domains of K-Ras4A and K-Ras4B will be presented. Subsequently, results from 

full-length GDP and GTP-bound K-Ras4A simulations will be presented and compared to 

previous findings from full-length K-Ras4B simulation data. Data from additional 

simulations of K-Ras4A and K-Ras4B conducted on crystal structures containing a majority 

of the HVR residues will then be presented. This will be followed by some additional 

biophysical analyses conducted on the simulations of full-length K-Ras4A.  

3.1 Altered nucleotide binding pocket topology of K-Ras4A catalytic domain in 

the GDP-bound state 

To investigate specific structural differences between the catalytic domains of K-

Ras4A and K-Ras4B in the GDP-bound states, averaged catalytic domain structures of each 

isoform were computed from the last 50 ns of the 100 ns simulations of each system, and 

represented as protein surface diagrams. A visual comparison of the structures suggested 

that the nucleotide binding pocket in K-Ras4A was more exposed to solvent relative to the 

binding pocket of K-Ras4B in the GDP-bound state, whereas in the GTP-bound state there 

appeared to be few changes (see Fig. 3.1). To verify this observation, the average solvent 

accessible surface area (SASA) of the nucleotide binding pocket for each isoform in the 

GDP and GTP-bound state were computed from the last 50 ns of the 100 ns simulations of 
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each system. The averages show that the SASA for the binding pocket in K-Ras4A in the 

GDP-bound state is indeed larger than the SASA for the binding pocket in GDP-bound K-

Ras4B (101.4 Å2 vs. 78.6 Å2), whereas the pocket is essentially identical for each isoform in 

the GTP-bound state (see Fig. 3.15). To quantify these results further, two-dimensional free-

energy surfaces were generated for the K-Ras4A GDP and GTP-bound states, in which 

coordinate d1 corresponds to the distance between G60-Cα (where G60 is a switch II 

residue) and the nucleotide β-phosphate, and coordinate d2 corresponds to the distance 

between T35-Cα (where T35 is a switch I residue) and the nucleotide β-phosphate. The free 

energy surface was generated based on the population of structures observed in the 

simulation projected onto this two-dimensional surface, using the equation ∆𝐺(𝑅) =

−𝑘𝑏𝑇[𝑙𝑛 𝑃(𝑅1, 𝑅2)], where 𝑃(𝑅1, 𝑅2) represents the joint probability distribution of 

structures along coordinates R1 and R2. In this case, the probability distribution was 

determined for the two-dimensional energy surface where d1 and d2 each range between 5 

and 15 Å. These diagrams revealed two distinct states for K-Ras when GDP-bound, but the 

presence of only a single GTP-bound state (see Fig. 3.2). To further evaluate the differences 

in the nucleotide-binding pocket, three distances were computed over the time course of the 

simulation, between residues in the P-loop and Switch I regions, and between residues in the 

P-loop and switch II region. Specifically, distances were computed between residues in the 

P-loop (G12, G13) and Switch I (P34, E31) and II (G60) domains: G12 CA – P34 CA, G12 

CA – G60 CA, G13 CA – E31 CA (where CA stands for C-alpha carbon). These plots 

revealed that the distance between the P-loop residue G12 and the Switch I and II residues 

P34 and G60 were significantly decreased in K-Ras4B relative to K-Ras4A throughout the 

simulations, corroborating the observation that the K-Ras4A binding pocket was more 

exposed (see Fig. 3.3). To further evaluate the differences in the nucleotide binding pocket 
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solvent accessibility on a structural level, 3-dimensional water density maps were generated 

for K-Ras4A and K-Ras4B in the GDP and GTP-bound states (see Fig. 3.4). In these 

figures, mesh spheres denote locations at which a water molecule is present for more than 

50% of the simulation, whereas filled blue spheres denote the location of water molecules 

that are present for more than 70% of the simulation (where the simulation time was 100 

ns). The dotted yellow circles identify significant differences between the isoforms in each 

state. The results indicate that in the GDP-bound state, K-Ras4A has greater water 

occupancies near the nucleotide than K-Ras4B, further supporting the assertion that the K-

Ras4A binding pocket is more exposed relative to the K-Ras4B binding pocket in the GDP-

bound state. However, in the GTP-bound state, the results demonstrate greater water 

occupancies of the K-Ras4B GTP structure near the nucleotide-binding pocket relative to 

K-Ras4A, suggesting that GTP-bound K-Ras4B might have greater solvent exposure than 

GTP-bound K-Ras4A. These results imply that K-Ras4A may have a greater intrinsic rate of 

GDP dissociation relative to K-Ras4B, which may point towards a greater signaling 

contribution from this isoform. However, further experimental research is needed to verify 

such a hypothesis. 

To determine the source of the differences in water residence times between the K-Ras4A 

and K-Ras4B isoforms in the GDP and GTP-bound states, further analysis was conducted 

to determine the contribution of crystallographic water molecules, present in the original 

crystal structures used for simulation, towards the observed results. To elucidate the 

contribution of these water molecules, water density maps for the two nucleotide-bound 

states of each isoform, obtained from their respective simulations, were overlaid on their 

original crystal structures, and locations at which crystal water molecule positions coincided 

with regions of high water density were marked with blue spheres. This analysis suggests that 
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in the GDP-bound state, the observed differences in K-Ras4A relative to K-Ras4B are due 

to high-residency water molecules (>70% residence time) present during the simulations that 

were also present in the original crystal structure from which both K-Ras4A and K-Ras4B 

were simulated (see Fig. 3.12, with region of differences circled in red). Although the same 

crystallographic water molecules were originally present in both structures, their positions 

were found to coincide with certain regions of high water density in simulations of GDP-

bound K-Ras4A which were not observed in simulations of GDP-bound K-Ras4B. Thus, 

the observation of longer residence times of crystallographic water molecules near the 

nucleotide in GDP-bound K-Ras4A, relative to those same water molecules in GDP-bound 

K-Ras4B, corroborates the hypothesis that GDP-bound K-Ras4A may have a more exposed 

nucleotide-binding pocket than K-Ras4B. Similarly, in the GTP-bound state, the observed 

differences in water residence times between K-Ras4A and K-Ras4B appear to be due to 

high-residency crystallographic water molecules that were originally present in the crystal 

structure from which both K-Ras4A and K-Ras4B were simulated (see Fig. 3.12, with 

regions of differences circled in red). The fact that these water molecules were found to 

coincide with regions of high water density in GTP-bound K-Ras4B, but not to coincide in 

GTP-bound K-Ras4A, supports the hypothesis that K-Ras4B may have a more exposed 

nucleotide-binding pocket than K-Ras4A in the GTP-bound state. Taken together, these 

additional analyses suggest that the differences in nucleotide binding pocket exposure 

between the two isoforms in each nucleotide bound state can be explained by differences in 

the observed residence times of crystallographic water molecules in each of the structures. 

3.2 Altered nucleotide-specific conformational dynamics of K-Ras4A 

To further elucidate the functional differences between the catalytic domains of K-

Ras4A and K-Ras4B, the averaged catalytic domain structures of each isoform were 
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computed from the last 50 ns of the 100 ns simulations of each system and superimposed. 

Visualizations of this structural alignment in the GDP and GTP-bound states led to the 

interesting observation that GDP-bound K-Ras4A exhibits dynamic fluctuations in the 

Switch I and II regions that differ from GDP-bound K-Ras4B. However, in the GTP-bound 

state, K-Ras4A and K-Ras4B exhibit nearly identical conformational dynamics profiles (see 

Fig. 3.5). To further investigate this observation, approximate NMR chemical shifts of 

hydrogen nuclei in each residue were computed using the SHIFTX2 server (see Chapter II). 

Specifically, approximate chemical shift perturbations of K-Ras4A over K-Ras4B in the 

GDP-bound and GTP-bound states were computed to determine whether dynamic 

differences resulted in a population shift that would reflect changes in the local environment 

of residues in the protein (see Fig. 3.6). These plots indeed demonstrate a greater chemical 

shift perturbation of the switch I and switch II residues for K-Ras4A in the GDP-bound 

state, as well as some residues within helix 3 (100-105), which are absent in the GTP-bound 

state. An examination of the dynamic cross-correlation matrices of both isoforms in the 

GDP and GTP-bound states also indicates differences in anti-correlated residues in the 

Switch I and Switch II regions between the isoforms when GDP-bound, but a lack of such 

observed differences between isoforms when GTP-bound (see Fig. 3.7). Taken together, 

these findings suggest that additional conformational states are being populated in GDP-

bound K-Ras4A relative to K-Ras4B due to dynamic fluctuations in the Switch regions. 

These additional observed GDP-bound conformational states may suggest differential 

efficiency of activation of K-Ras4A, or activation by alternative Ras guanine-nucleotide 

exchange factors (GEFs). The numerous GEFs that can bind to Ras and Ras superfamily 

proteins have considerable structural variation due to diverse domain composition, but all 

contain a conserved CDC25 homology domain that functions to catalyze Ras nucleotide 
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exchange, and a Ras exchange motif (REM) involved in stabilizing Ras binding128–130. The 

interaction between Ras and the ubiquitous GEF Sos1 is known to occur via a protein-

protein interface involving close interactions of Switch I, Switch II, and the residues of helix 

3 (95-105), with Ras residues Y64, M67, and Y71 forming a critical hydrophobic anchor on 

the surface of Sos52. Here, it is hypothesized that differences in the conformational dynamics 

of these regions between the two K-Ras isoforms in the GDP-bound state may result in 

altered GEF recognition specificity or efficiency. This hypothesis is justified in part by 

experimental evidence which demonstrates GEF specificity to the different Ras isoforms: 

RASGRP2 has been found to catalyze nucleotide exchange in N-Ras and K-Ras4B, but not 

H-Ras, and RasGRF has been found to catalyze nucleotide exchange in H-Ras, but not N-

Ras or K-Ras4B131,132. More importantly, the aforementioned GEF, Sos1, is able to catalyze 

nucleotide exchange on N-, H-, and K-Ras, but has hierarchical activity for each isoform, 

catalyzing nucleotide exchange most frequently in H-Ras, followed by N-Ras and then K-

Ras87. Coupled with the knowledge that the Switch I and Switch II residues of all three Ras 

isoforms are conserved, this difference in Sos1 catalytic activity across isoforms suggests that 

the conformational dynamics of the Switch regions in each isoform may play a role in GEF 

activity. In this investigation, the difference between the conformational ensembles of GDP-

bound K-Ras4A and K-Ras4B has been observed through the construction of free-energy 

surface diagrams (see Fig. 3.2), suggesting that they occupy two distinct regions of 

conformational space. Thus, the results obtained herein provide a basis for the assertion of 

GEF specificity as a result of differential Ras conformational dynamics. 

3.3 Allosteric pathway analysis of the catalytic domain in K-Ras4A 

Based on the observation of differences in the dynamic fluctuations of K-Ras4A in 

the GDP-bound state relative to K-Ras4B, it was hypothesized that the catalytic domain 
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residue differences between the two isoforms in the C-terminal region may be altering the 

conformation of the Switch regions through an allosteric signaling pathway. To test this 

hypothesis and identify how the signal was being propagated through the protein, a 

dynamical network analysis was conducted using the NetworkView plugin133,134 in VMD. In 

this process, the structure of the protein is represented as a network graph containing nodes 

and edges. Each residue of the protein corresponds to a node, and edges are drawn between 

nodes (residues) which are in contact with one another (i.e., one residue is located within 4.5 

Å of another residue for at least 75% of the MD simulation trajectory). The length of each 

edge is determined from a computation of the pairwise dynamic cross correlation (DCC) 

between the two nodes (see Methods, Chapter 2) obtained from a MD simulation trajectory, 

such that an edge distance between two nodes i and j is given by 𝑑𝑖𝑗 = −log (|𝐶𝑖𝑗|), where 

𝐶𝑖𝑗 is the dynamic cross correlation value. These 𝐶𝑖𝑗 values are used to weight the edges in 

the network. When identifying a signaling pathway between two residues in a protein, the 

reported length of the pathway is given as the sum of all the edge distances along the path 

connecting the two nodes. The dynamical network analysis reports the shortest of the 

signaling pathways and the number of other pathways between the two residues that are 

possible but not the shortest (known as suboptimal pathways). In this analysis, all suboptimal 

pathways within a distance of 20 were computed for signaling networks between residues in 

the Switch I and Switch II regions of K-Ras (residues 25-40 and 57-75, respectively), and the 

four catalytic domain residues that differ between K-Ras4A and K-Ras4B (151, 153, 165, 

and 166). The results of the dynamical signaling network analysis, based on 100 ns 

simulations of the K-Ras4A and K-Ras4B catalytic domains, are presented as a table (see 

Table 3.1), where values in parentheses represent the number of suboptimal paths and the 

values outside the parentheses represent the distance of the shortest signaling pathway 
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between the two residues. Residues in the Switch II region are denoted in blue in the table. 

Highlighted in red are residues for which the shortest signaling pathway between that residue 

and the C-terminal residue of interest is lower in K-Ras4A as compared to K-Ras4B, and for 

which the number of suboptimal paths from that residue to the C-terminal residue of 

interest is greater in K-Ras4A than in K-Ras4B. The combination of these two conditions, 

i.e. a shorter signaling pathway and a greater number of suboptimal paths, suggests a 

stronger allosteric signal between the two residues in the K-Ras4A isoform compared to the 

K-Ras4B isoform. From this analysis it can be observed that both Q165 and Y166 in K-

Ras4A have strong allosteric signaling effects on the Switch I and Switch II regions of Ras 

(with the effects of Q165 seen primarily in Switch I), which are not observed in the 

corresponding K165 and H166 residues of K-Ras4B. An example of the difference in the 

strengths of the signaling networks is provided in Fig. 3.14, which shows the signaling 

pathways between Q165 and D33 in GDP-bound K-Ras4A and K-Ras4B, with all 

suboptimal paths in red and the optimal path highlighted in blue. This figure represents the 

weights of each edge in the allosteric path between the two residues (through line thickness), 

from which it can be observed that the signaling pathway in K-Ras4A, which propagates 

through helix 1, is stronger than the corresponding path that propagates through β2 in K-

Ras4B. Taken together, these results suggest that the differences in the dynamic fluctuations 

of Switch I and Switch II in GDP-bound K-Ras4A relative to GDP-bound K-Ras4B may be 

caused by allosteric signaling effects from residues Q165 and Y166, either individually or in 

combination. Further investigations are needed to distinguish between these two 

possibilities. 

3.4 Principal component analysis (PCA) of K-Ras4A catalytic domain trajectories 
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To quantitatively characterize the major molecular motions and local fluctuations in 

the conformations sampled by the catalytic domain of GDP and GTP-bound K-Ras4A 

throughout the course of the MD simulation trajectories, a principal component analysis 

(PCA) was carried out for each system. This technique reduces the multi-dimensional phase 

space of protein conformers by projecting the ensemble onto a lower-dimensional subspace 

that can be more easily visualized, in this case a 2-dimensional plot with axes that account 

for the greatest variance in the dataset (i.e., the principal components of the data). In this 

manner, PCA carried out on MD simulations is able to highlight distinct conformational 

states that may otherwise be unobservable. In this analysis, hierarchical clustering of 

conformers was carried out based on a difference matrix computed from the first three 

principal components. This analysis reveals that GDP and GTP-bound K-Ras4A both 

sample 3 distinct conformational sub-states, with each sub-state being differentially 

populated (see Figs. 3.16 – 3.19). “State 2” of K-Ras4A (see Fig. 3.18) is the predominant 

GDP-bound conformer, accounting for 65.31% of the structures sampled. “State 1”, a 

minor conformer, differs from this highly populated state by adopting a different Switch I 

conformation, whereas “State 3”, accounting for 22.85% of conformers, adopts a different 

Switch II conformation. Intriguingly, in “State 1” the altered Switch I conformation results 

in a displacement of F28, which normally stabilizes the guanine base, by nearly 7.5 Å relative 

to its orientation in “State 2” and “State 3” (see Fig. 3.20). This conformational change may 

result in a loss of the stabilizing interaction in this sub-state, which could facilitate enhanced 

nucleotide dissociation. The distinct cluster positions on the subspace defined by principal 

components (PC) 1 and 2 suggest that “State 2” might be an intermediate conformation on 

the transition pathway from “State 1” to “State 3”, or from “State 3” to “State 1”. It is 

important to note that this assertion would require a further analysis of the energy barriers 
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amongst the three populations to ascertain whether such a transition could occur. In the 

GTP-bound state of K-Ras4A, “State 2” (see Fig. 3.19) accounts for 56.31% of conformers. 

“State 1”, accounting for 31.01% of conformers, adopts a different Switch II conformation, 

whereas “State 3”, a minor conformer, deviates in the conformation of Switch I. Critically, 

the orientations of residues T35 (which coordinates the Mg2+ ion and stabilizes the GTP γ-

phosphate) and F28 are unaffected by these conformational changes in all three conformers, 

suggesting that the different sub-states of GTP-bound K-Ras may not have different 

effector binding affinities. Based on scree plots computed for each system (see Fig. 3.16d 

and 3.17d), the first four principal components capture 45.4% and 40% of the variation in 

the GDP and GTP-bound ensembles, respectively. Taken together, these results highlight 

the flexibility of the Switch I and Switch II loops in K-Ras4A, and indicate that the dynamic 

fluctuations in these loops result in distinct conformational states whose functional relevance 

remains to be elucidated. 

3.5 Nucleotide-dependent HVR fluctuations of full-length K-Ras4A 

To examine whether the HVR of K-Ras4A has any functional interactions with the 

catalytic domain of the protein, and whether this interaction is affected by nucleotide 

binding, CHARMM scripts were written to analyze the molecular energetics of the full-

length protein in the GDP and GTP-bound states. This analysis demonstrates that the 

interaction energy profiles of the HVR with the catalytic domain may differ according to 

nucleotide-bound state. Plots of the average interaction energy between the HVR and the 

catalytic domain from each full-length GDP and GTP-bound simulation (see Fig. 3.9) 

suggest that this interaction energy may be lower in magnitude (i.e., less favorable) in the 

GDP-bound state of K-Ras4A relative to the GTP-bound state. In the GDP-bound state, a 

further examination of the simulation trajectories reveals that the HVR samples 
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conformations in which unfavorable electrostatic interactions with the catalytic domain 

outweigh its favorable van der Waals energetic contributions. In such conformations, 

unfavorable electrostatic contributions preclude favorable interactions of the HVR with the 

catalytic domain, resulting in a positive (unfavorable) interaction energy that decreases the 

magnitude of the reported average values. Moreover, the HVR appears to form intra-chain 

contacts in the GDP-bound state of K-Ras4A that collapse the peptide chain and prevent 

sampling of extended HVR conformations that can interact with the catalytic domain (see 

GDP-bound full-length ensemble structures, Fig. 3.8). In the GTP-bound state, the 

simulation trajectory reveals that the HVR samples numerous extended conformations, 

some of which position the HVR nearly 180° away from the catalytic domain (note 

representative conformations in GTP-bound full-length ensemble structures, Fig. 3.8). These 

extended conformations, in which the HVR does not form intra-chain contacts that collapse 

the peptide chain, appear to facilitate more favorable electrostatic contacts between the HVR 

and the catalytic domain, which is reflected in the greater magnitude of average electrostatic 

contributions in GTP-bound K-Ras4A relative to GDP-bound K-Ras4A (see Fig. 3.9). Prior 

MD simulations performed by the lab and supported by experimental data from 

collaborators, using full-length K-Ras4B, had elucidated a novel interaction of the HVR with 

the catalytic domain in the GDP bound state, and to a lesser extent the GTP-bound state, 

with interactions driven primarily by favorable electrostatic contacts. These interactions were 

also observed in a membrane context. Although a similar interaction was not observed for 

the K-Ras4A isoform from simulations in this study, the reduced levels of interaction are 

consistent with the differences in the electrostatic charge of the K-Ras4A HVR relative to 

K-Ras4B. It is not yet clear whether this reduced interaction has any functional consequence 

on K-Ras4A activity.  



45 
 

To further corroborate the data obtained from the full-length simulations of GDP-

bound and GTP-bound K-Ras4A, four additional 100 ns simulations were conducted based 

on representative crystal structures of K-Ras4B in which the coordinates of a large majority 

of the C-terminal HVR residues have already been determined (PDB IDs: 4DSO, 4DSU). A 

similar analysis of the average interaction energy between the HVR residues and the catalytic 

domain of K-Ras was conducted for GDP-bound K-Ras4A and K-Ras4B (residues 1-180) as 

well as GTP-bound K-Ras4A and K-Ras4B (1-180) (see Fig. 3.10). The results of this 

analysis suggest that in the GDP-bound state of K-Ras4A (1-180), the HVR predominantly 

samples configurations having unfavorable electrostatic interactions with the catalytic 

domain, an effect also observed in some conformational states accessed during the full-

length simulations of K-Ras4A. However, in the GTP-bound state of K-Ras4A (1-180), the 

HVR primarily samples conformations having negligible interactions with the catalytic 

domain. Given that only a single simulation of each system was conducted, it may be 

possible that insufficient sampling of conformations relative to the conformations obtained 

in multiple simulations of full-length GDP and GTP-bound K-Ras4A precludes an accurate 

comparison of their molecular energetics. Moreover, the reported average interaction 

energies are much lower in magnitude when compared to the average interaction energies of 

the full-length K-Ras4A systems, suggesting that the final six C-terminal residues not present 

in the crystal structures, but present in the full-length simulations, may facilitate stronger 

interactions of the HVR with the catalytic domain. Ensemble representations of the K-

Ras4A and K-Ras4B (1-180) systems (see Fig. 3.11) do not suggest any significant 

differences in the conformations of the HVR between the two nucleotide bound states, or 

between isoforms of the same nucleotide-bound state. However, it does appear that the 
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HVR may have slightly more favorable electrostatic interactions with the catalytic domain in 

the GTP-bound state of K-Ras4B relative to the GTP-bound state of K-Ras4A. 

3.6 Effects of the HVR on biophysical properties of K-Ras4A 

In this investigation, analyses of residue root-mean square fluctuations (RMSF) were 

carried out on all of the full-length GDP and GTP-bound simulations of K-Ras4A to further 

corroborate earlier data concerning the residues exhibiting the greatest structural fluctuation 

in the protein. An examination of the catalytic domain residues in the full-length simulations 

compared to the residues in the simulation conducted on the catalytic domain only suggests 

that the presence of the HVR in the GDP-bound state of K-Ras4A further increases the 

structural variability of residues in the Switch I (residues 25-40) and Switch II (residues 57 – 

75) regions, by nearly 2 Å for the majority of residues in these regions (see Fig. 3.13). It is 

not clear why the presence of the HVR would influence conformational fluctuations of the 

Switch I and Switch II regions in this manner when no significant interactions of the HVR 

with the catalytic domain were observed in any of the full-length simulations. A similar result 

is observed in the GTP-bound state, with the structural variability of the Switch II region in 

the catalytic domain simulations further increased by nearly 4 Å in the full-length simulations 

of GTP-bound K-Ras4A. Further investigations are necessary to validate this observation 

and elucidate the mechanism for this change. An initial hypothesis might point towards an 

allosteric signaling effect of the HVR residues on the Switch I and Switch II regions, which 

could be probed by the dynamical network analysis discussed earlier.  

It is important to recognize that K-Ras and all Ras isoforms exist in vivo as full-length 

structures which are also post-translationally prenylated, and thus all of the results discussed 

herein need further validation in a membrane context. Determining whether the K-Ras4A 

HVR can be allosterically modulated and examining its influence on Ras catalytic activity in a 
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membrane context would have important implications towards enhancing current 

knowledge about K-Ras-specific signaling mechanisms, and also encourage the development 

of novel medicinal approaches to target the K-Ras4A isoform. 

 

Figure 3.1: Protein surface diagrams of K-Ras4A and K-Ras4B catalytic domains. Diagrams 

illustrate nucleotide-specific binding pocket exposure in the catalytic domain of GDP-bound 

(top) and GTP-bound (bottom) K-Ras4A and K-Ras4B (average structures computed from 

last 50 ns of 100 ns simulations). The phosphate-binding loop residues (10-17) are colored in 

K-Ras4A-GDP K-Ras4B-GDP 

K-Ras4B-GTP K-Ras4A-GTP 
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pink, the Switch I residues (25-40) are colored in green, and the Switch II residues (57-75) 

are colored lavender. The bound nucleotide is shown without hydrogen atoms to facilitate 

visualization. 

 

 

Figure 3.2: Free-energy surface diagrams of K-Ras catalytic domain conformers projected 
onto the d1 – d2 plane, where d1 corresponds to the distance between G60-Cα and the 
nucleotide β-phosphate, and d2 corresponds to the distance between T35-Cα and the 
nucleotide β-phosphate. 
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Figure 3.3: 100 ns MD trajectory analysis of distances between residues in the P-loop (G12, 
G13) and Switch I (P34, E31) and II (G60) domains. 
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Figure 3.4: Three-dimensional water density maps of K-Ras4B and K-Ras4A (structures 
colored in green and pink, respectively), illustrating water residence times throughout the 
course of a 100 ns simulation. Blue spheres correspond to >70% residence time, whereas 
mesh spheres correspond to >50% residence time. 
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Figure 3.5: Superposition of average protein structures in the GDP and GTP-bound states, 

as computed from 50-100 ns of a 100 ns simulation. Structures are oriented with respect to 

the Ras effector lobe (residues 1-86). 
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Figure 3.6: Approximate chemical shift perturbations of K-Ras4A over K-Ras4B in the 
GDP-bound (top figure) and GTP-bound (bottom figure) states, determined 
computationally using the SHIFTX2 server121. 
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Figure 3.7: The covariance of residues in the catalytic domain (1-166) is illustrated as a heat 
map for K-Ras4A and 4B in the GDP and GTP-bound states over the course of a 100 ns 
simulation. Negative values correspond to anti-correlated dynamic fluctuations, whereas 
positive values correspond to positively correlated dynamic fluctuations. Zero values imply 
no dynamic correlation between the residues. 
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Figure 3.8: Ensemble configurations of full-length GDP-bound and GTP-bound K-Ras4A 
structures (top and bottom, respectively) sampled at each 10 ns of their 100 ns molecular 
dynamics (MD) simulations, showing representative molecular motions of the catalytic 
domain and HVR over the course of the simulations. 

 

Figure 3.9: Averaged total interaction energy of the HVR with the catalytic domain (blue 
bars), and the contributions from electrostatic (red bars) and vdW (green bars) interactions 
for five different configurations of K-Ras4B in the GDP-bound and GTP-bound states. 
Error bars indicate the standard deviation (n = 10,000). 
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Figure 3.10: The total interaction energy between the HVR and catalytic domain of K-Ras, 
observed during 100 ns GDP-bound (A) and GTP-bound (C) trajectories of K-Ras4A and 
K-Ras4B (residues 1-180) is displayed in conjunction with the averaged total interaction 
energy from the trajectories (blue bars) of the HVR with the catalytic domain, and the 
contributions from electrostatic (red bars) and vdW (green bars) interactions in GDP-bound 
(B) and GTP-bound (D) K-Ras4A and K-Ras4B. Error bars indicate the standard deviation 
(n = 10,000). 
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Figure 3.11: Ensemble structures of GDP-bound and GTP-bound K-Ras4A and K-Ras4B 
(residues 1-180) (top and bottom, respectively). 
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Figure 3.12: Three-dimensional water density maps overlaid on the original crystal 
structures of GDP-bound K-Ras4B (PDB ID: 4EPT) and GTP-bound K-Ras4B (PDB ID: 
3GFT), based on 100 ns simulations of the catalytic domain (1-166). GDP-bound K-Ras4A 
(A) and K-Ras4B (B) structures, as well as GTP-bound K-Ras4A (C) and K-Ras4B (D) 
structures are shown. Blue spheres denote positions at which the water densities, as obtained 
from simulations, overlap with the position of crystallographic water molecules. Differences 
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in the water density figures between K-Ras4A and K-Ras4B are denoted with red dotted 
circles. 

 

Figure 3.13: Comparative RMSF of independent full-length K-Ras4A simulations with 
catalytic domain RMSF values of GDP-bound K-Ras4A (A) and GTP-bound K-Ras4A (1-
166) (C). Results from five independent simulations of full-length (1-186) GDP-bound K-
Ras4A (B) and GTP-bound K-Ras4A (D) are compared to values obtained from the catalytic 
domain simulations. 
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Figure 3.14: Differences in the allosteric signaling network between residues 165 (α5 helix) 
and 33 (Switch I region) in catalytic domain structures of GDP-bound K-Ras4A (left) and 
GDP-bound K-Ras4B (right). All suboptimal signaling pathways are drawn in red, and the 
optimal path is drawn in blue. The weight of the connection between each node (residue) in 
the pathways, a metric obtained from dynamic cross correlation values, is represented by the 
thickness of each line. The optimal allosteric network path between Q165 – D33 in K-
Ras4A is shorter than the corresponding path in K-Ras4B, and also contains a greater 
number of suboptimal paths, which together indicate stronger allosteric signal between these 
residues in K-Ras4A relative to K-Ras4B. 
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Table 3.1 Allosteric Network Analysis results 

Residue       151 153 165 166 

Residue 
KR4A-
GDP 

KR4B-
GDP 

KR4A-
GDP 

KR4B-
GDP 

KR4A-
GDP 

KR4B-
GDP 

KR4A-
GDP 

KR4B-
GDP 

25 237(1) 218(3) 252(1) 167(2) 479(44) 406(36) 501(80) 425(39) 

26 236(1) 231(6) 251(1) 180(4) 478(44) 419(29) 500(80) 438(28) 

27 255(2) 250(9) 270(2) 199(6) 497(51) 438(34) 519(90) 457(31) 

28 267(2) 276(11) 282(2) 225(7) 509(51) 464(37) 531(90) 483(33) 

29 280(4) 311(14) 295(4) 260(8) 522(80) 499(40) 544(143) 518(35) 

30 288(6) 366(14) 303(6) 315(8) 530(104) 554(40) 552(182) 573(35) 

31 296(16) 396(18) 311(16) 345(9) 538(167) 584(43) 560(280) 603(37) 

32 298(17) 409(18) 313(17) 358(9) 540(178) 597(48) 562(296) 616(39) 

33 323(27) 448(18) 338(27) 397(9) 565(249) 630(35) 587(411) 625(3) 

34 466(27) 479(22) 481(27) 428(10) 597(89) 606(6) 619(166) 624(20) 

35 500(27) 522(40) 515(27) 471(19) 587(89) 563(3) 609(166) 581(12) 

36 505(4) 517(25) 520(4) 466(12) 529(89) 561(17) 551(166) 556(3) 

37 484(2) 465(2) 499(2) 414(2) 508(60) 491(16) 530(110) 486(3) 

38 449(2) 437(2) 464(2) 386(2) 473(60) 463(16) 495(110) 458(3) 

39 424(1) 410(1) 439(1) 359(1) 448(36) 440(10) 470(64) 435(2) 

40 363(1) 355(1) 378(1) 304(1) 387(19) 413(44) 409(35) 428(24) 

57 317(4) 339(2) 332(4) 325(6) 403(30) 420(9) 407(5) 419(3) 

58 331(1) 378(4) 346(1) 366(15) 392(11) 379(3) 413(22) 397(8) 

59 410(1) 444(4) 425(1) 432(15) 471(11) 445(3) 492(22) 463(8) 

60 504(1) 485(4) 519(1) 473(15) 565(11) 486(3) 586(22) 504(8) 

61 532(1) 508(4) 547(1) 496(15) 582(14) 509(17) 591(22) 525(142) 

62 562(1) 527(4) 577(1) 515(15) 552(12) 504(143) 561(22) 506(94) 

63 593(1) 534(12) 608(1) 522(23) 553(16) 481(64) 562(24) 483(41) 

64 628(1) 530(10) 643(1) 518(18) 553(30) 477(59) 562(31) 479(37) 

65 647(30) 517(6) 607(33) 505(16) 494(16) 464(45) 503(17) 466(30) 

66 587(24) 521(13) 547(27) 509(25) 434(11) 465(86) 443(14) 467(65) 

67 578(18) 516(6) 538(19) 504(16) 425(9) 455(27) 434(13) 457(20) 

68 582(37) 499(4) 542(41) 487(15) 429(12) 446(18) 438(22) 448(14) 

69 573(22) 514(4) 533(24) 502(15) 420(10) 447(36) 429(14) 449(30) 

70 553(12) 534(13) 513(13) 522(41) 400(5) 433(14) 409(11) 435(12) 

71 542(21) 531(14) 502(23) 510(31) 389(6) 414(6) 398(15) 416(6) 

72 538(43) 539(37) 498(46) 509(36) 385(10) 413(12) 394(20) 415(12) 

73 510(21) 516(19) 470(23) 482(19) 357(6) 386(6) 366(15) 388(6) 

74 480(11) 484(11) 440(12) 450(11) 327(4) 354(4) 336(10) 356(4) 

75 436(10) 455(8) 396(11) 421(8) 283(2) 325(2) 292(5) 327(2) 
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Figure 3.15: The average solvent accessible surface areas of the catalytic domains of GDP-
bound (left) and GTP-bound (right) K-Ras4A and K-Ras4B, as computed from the last 50 
ns of their respective 100 ns simulations. Error bars indicate the standard deviation (n = 
5,000). 

 

 

 

 

 

 

 

 



63 
 

 

Figure 3.16: Principal component analysis of the GDP-bound K-Ras4A catalytic domain 
(residues 1-166) simulation. The projection of conformers onto the space defined by A) the 
first two principal components (PC1 and PC2), B) the second and third principal 
components (PC2 and PC3), and C) the first and third principal components (PC1 and PC3), 
with distinct conformational clusters colored in red, green, and black. D) A scree plot of the 
principal component analysis applied to GDP-bound K-Ras4A. The first four principal 
components account for 45.4% of the variability in the data. 
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Figure 3.17: Principal component analysis of the GTP-bound K-Ras4A catalytic domain 
(residues 1-166) simulation. The projection of conformers onto the space defined by A) the 
first two principal components (PC1 and PC2), B) the second and third principal 
components (PC2 and PC3), and C) the first and third principal components (PC1 and PC3), 
with distinct conformational clusters colored in red and black. D) A scree plot of the 
principal component analysis applied to GDP-bound K-Ras4A. The first four principal 
components account for 40% of the variability in the data. 
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Figure 3.18: Three distinct conformers of GDP-bound K-Ras4A (1-166) as obtained from 
hierarchical clustering based on principal component analysis. For ease of comparison, the 
conformers can be denoted as “State 1” (green, 11.83% of conformers), “State 2” (blue, 
65.31% of conformers), and “State 3” (gold, 22.85% of conformers). 
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Figure 3.19: Three distinct conformers of GTP-bound K-Ras4A (1-166) as obtained from 
hierarchical clustering based on principal component analysis. For ease of comparison, the 
conformers can be denoted as “State 1” (green, 31.01% of conformers), “State 2” (blue, 
56.31% of conformers), and “State 3” (gold, 12.67% of conformers). In this figure, Switch 1 
is the loop adjacent to the Mg2+ ion and Switch II is the loop immediately below it. 
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Figure 3.20: Conformational change of Phe28 in GDP-bound K-Ras4A.Three distinct 
conformers of GDP-bound K-Ras4A (1-166) as obtained from hierarchical clustering based 
on principal component analysis, with residue Phe28 of each conformer highlighted (“State 
1” – green, “State 2” – blue, “State 3” – orange). 
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Chapter 4  

Research Summary and Perspective 

Despite the fact that the amino acid sequence of the original transforming gene in 

the murine sarcoma virus identified by Kirsten and colleagues differs from human K-Ras4A 

in only seven residues135, the focus of scientific research on K-Ras has largely been on the K-

Ras4B isoform due to numerous reports suggesting K-Ras4A as a minor splice variant136,137. 

However, the fact that K-Ras4A is evolutionarily conserved across vertebrate species87, 

coupled with the observation that it is differentially expressed in human tissues12,85, suggests 

that this isoform has a distinct functional role that still remains to be elucidated. This 

investigation reports the results of all-atom molecular dynamics simulations conducted on 

the GDP and GTP-bound states of the full-length K-Ras4A isoform and its catalytic domain 

in aqueous solvent. These studies aimed to investigate the effects of C-terminal residue 

differences in the K-Ras4A isoform on its conformational dynamics relative to K-Ras4B, 

and thereby obtain further insight into the impact of such dynamics on K-Ras4A functional 

activities.  

Results from K-Ras4A catalytic domain simulations suggest that it exhibits 

conformational changes in its nucleotide-binding pocket topology when GDP-bound, 

relative to GDP-bound K-Ras4B, that renders this pocket more exposed to solvent. More 

significantly, these changes result in a different sampling of conformational space that is 

distinctly observed in the free energy surface diagrams computed for GDP-bound K-Ras4A 

and K-Ras4B. The functional significance of this observation is not immediately evident, but 

a reasonable prediction is that the difference in solvent exposure of the nucleotide-binding 

pocket results in differential intrinsic GDP dissociation rates between the two isoforms by 

facilitating nucleotide release. This would lead to a greater rate of GDP to GTP nucleotide 
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exchange in K-Ras4A relative to K-Ras4B, which could potentially enhance the activation of 

this isoform in a physiological context. Studies on Ras indicate that there is not necessarily a 

clear correlation between intrinsic or catalyzed guanine nucleotide dissociation and the 

solvent exposure of the nucleotide binding pocket, and that it depends critically on residue 

interactions proximal to the nucleotide binding site that stabilize the guanine nucleotide and 

its coordinating Mg2+ ion53,138. Results from the principal component analysis conducted on 

GDP-bound K-Ras4A did reveal a sub-state in which the stabilizing interaction between F28 

and the guanine base may be disrupted, but the population of that state was minor relative to 

the other conformers. Thus, further experimental and computational analyses of such 

residues in GDP-bound K-Ras4A are necessary to elucidate their influence on nucleotide 

stability in this isoform, and consequently the impact of binding pocket exposure on 

nucleotide dissociation or catalyzed exchange. In conjunction with these findings, more 

detailed analyses were conducted to determine the contribution of crystallographic water 

molecules toward the observed differences in solvent accessibility, from which it was 

determined that those waters exhibiting differences in residency times between the GDP-

bound structures of K-Ras4A and K-Ras4B were crystallographic water molecules present in 

the original structures used for simulation. Coupled with the distinct sampling of 

conformational space of each isoform in the GDP-bound state based on reaction 

coordinates involving Switch I and II residues, these findings suggest that such conserved 

water molecules may be playing a role in the conformational fluctuations of the Switch 

regions. Intriguingly, prior MD simulation studies on Ras suggest the possibility of 

conserved water molecules having a role in the allosteric modulation of Switch II region 

conformations of Ras55, which is the primary reaction coordinate that differentiates the 

GDP-bound populations of K-Ras4A and K-Ras4B in this investigation. Thus, this result 
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points to a need for more detailed computational and experimental studies to investigate the 

specific roles and interactions of crystallographic water in K-Ras4A on affecting the 

conformational dynamics of this isoform. For instance, computational studies in this regard 

would ideally track the deviations of each crystallographic water molecule from its original 

position throughout a trajectory, and couple these movements to the formation of transient 

hydrogen bonding interactions with nearby residues or the formation of water-mediated 

signaling networks that could allosterically affect the fluctuations of the Switch residues. 

Experimentally, information about water dynamics could be probed by NMR spin relaxation 

and inelastic neutron scattering techniques. This investigation has additionally revealed 

differences in the conformational fluctuations of Switch I and Switch II residues in the 

GDP-bound states of the catalytic domains of K-Ras4A and K-Ras4B through structural 

superposition of time-averaged structures of each isoform, coupled with computed chemical 

shift perturbations that indicate a distinct population shift as a result of these differential 

dynamics. Based on previous experimental results documenting GEF activity on specific Ras 

isoforms, and isoform-specific GEF nucleotide exchange efficiency, it was hypothesized that 

the distinct conformational states populated by GDP-bound K-Ras4A and K-Ras4B might 

result in differential GEF activity or specificity of recognition between the two isoforms. 

Such a prediction provides additional basis for experimental studies on the K-Ras4A isoform 

to evaluate its mechanism of activation and specific effector interactions in a cellular context. 

Based on the hypothesis that the specific catalytic domain residue differences between K-

Ras4A and K-Ras4B (at residues 151, 153, 165, and 166) were the cause of the observed 

differences in Switch region dynamics between the two K-Ras isoforms in the GDP-bound 

state, an allosteric network analysis was conducted to determine specific communication 

paths within the protein. Here, results for allosteric interaction networks between the Switch 
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I (residues 25-40) and Switch II (57-75) residues with C-terminal residues 151, 153, 165, and 

166 have been presented. These findings revealed stronger allosteric signaling from residues 

165 and 166 in K-Ras4A relative to those same residues in K-Ras4B, implicating these 

residues in the altered conformational dynamics of Switch I and Switch II. The hypothesis of 

an allosteric network between the N and C-terminal lobes of Ras is justified by a number of 

previous computational and experimental studies that demonstrate the existence of isoform-

specific dynamic residue interaction pathways between the nucleotide-binding site and C-

terminal residues of Ras, which may also be implicated in modulating the conformation of 

the Switch regions139–141. Further investigation is needed to determine whether residues 165 

and 166 jointly propagate an allosteric signal, or whether only one of the residues is needed 

to affect the dynamics of the Switch region.  

To further characterize the functional relevance of the K-Ras4A isoform, novel 

investigations were conducted to examine the conformational dynamics and molecular 

energetics of the K-Ras4A HVR, and the effect of the nucleotide-bound state on the 

behavior of the full-length protein. These investigations revealed that the HVR of K-Ras4A 

exhibits nucleotide-dependent behavior: when GDP-bound, the HVR is observed to form 

intramolecular interactions that appear to collapse the peptide chain, and samples 

configurations having unfavorable electrostatic interactions with the catalytic domain, 

whereas when GTP-bound, the HVR of Ras samples conformations that are extended away 

from the catalytic domain, but on average appear to facilitate more favorable electrostatic 

interactions with the catalytic domain. The rationale for examining interactions of the HVR 

with the catalytic domain in K-Ras4A comes from previous research by collaborators142 who 

had identified that the C-terminal domain of (Ca2+) - loaded calmodulin (CaM), a calcium-

binding messenger protein143, binds the C-terminal HVR of K-Ras4B with micromolar 
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affinity, and that this interaction exhibits strong nucleotide dependency: CaM interacts 

preferentially with GTP-bound K-Ras4B, and exhibits no significant binding when K-Ras4B 

is in the GDP-bound state. This observation led to the hypothesis that there might be a 

“sequestration-and-release” mechanism involving the HVR, in which the catalytic G-domain 

of GDP-bound K-Ras4B somehow blocks or “protects” the binding interface of the HVR, 

making it unavailable for protein-protein interactions, but allows for HVR binding when 

GTP-bound. In order to explore this idea, NMR studies (1H-15N HSQC spectra) were 

conducted using full length (K-Ras4B1-188) and truncated (K-Ras4B1-166) K-Ras4B in the GDP 

and GTP-bound states. Residues exhibiting significant chemical shift perturbations (CSPs) 

were observed, which were caused by the HVR, and subsequently mapped to crystal 

structures of GDP- and GTP-bound K-Ras. In GDP-Bound K-Ras4B, this mapping 

revealed that the residue perturbations largely corresponded to the Switch I and effector 

binding (β2 strand) regions, and the C-terminal helix (α5 helix). However, in GTP-bound K-

Ras4B, very few changes were observed in the Switch I and effector binding regions, with 

the exception of residue I36 and its adjacent N-terminal portion (residues S17 and A18). 

These results suggested an extensive interaction of the HVR with the K-Ras4B catalytic 

domain in the GDP-bound state, which is absent in the GTP-bound state. Using 

mutagenesis studies, this hypothesis was verified experimentally and further corroborated 

with MD simulations. Therefore, in the absence of NMR data on the K-Ras4A HVR, MD 

simulations were conducted in this investigation to see whether similar interactions of the 

HVR and catalytic domain were present in the K-Ras4A isoform. The results obtained are 

consistent with the absence of a polybasic stretch in K-Ras4A that is present in K-Ras4B 

and plays a critical role in its observed behavior. To further validate these observations, 

additional simulations were conducted on truncated GDP and GTP-bound K-Ras isoforms 
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(residues 1-180), based on available crystal structures in which these additional HVR residues 

had been resolved. While similarities were observed between the full-length and truncated 

simulations for the GDP-bound state of K-Ras4A, these additional simulations were largely 

inconclusive, and the observed interaction energies were much lower in magnitude relative 

to the full-length simulations. It is likely that the absence of residues 181-186 in these 

simulations, which comprise the second polybasic motif in the K-Ras4A HVR74, significantly 

impact its interactions with the catalytic domain. This investigation also revealed the 

intriguing result that the presence of the K-Ras4A HVR, in both the GDP and GTP-bound 

states, increases the intrinsic fluctuations of Switch I and Switch II residues observed in 

simulations of the catalytic domain alone. Very few studies have been done on the full-length 

isoforms of Ras, but a study has been reported in which NMR spectroscopy was employed 

on full-length H-Ras (1-185) and farnesylated H-Ras (1-189) to investigate the impact of 

HVR farnesylation on Ras dynamics144. NMR chemical shift perturbation results from that 

study indicate that the presence of the HVR in H-Ras primarily induces changes in residues 

within and proximal to the α5 helix, including the β-sheets (β3, β4, β5) that comprise the 

central core of the protein. Critically, no perturbations were found to be induced in residues 

of the Switch regions or the nucleotide-binding pocket (i.e. P-loop residues) in either 

nucleotide-bound state, as this investigation appears to suggest. However, it is important to 

note that the experimental results were for the H-Ras HVR, which differs substantially from 

the HVR of K-Ras4A in amino acid sequence and character. This fact justifies the need for 

further experimental inquiry into the impact of the K-Ras4A HVR on the dynamics of this 

isoform, which would provide significant insight into the mechanism by which C-terminal 

HVR residues propagate signals to the catalytic domain of Ras to influence its orientation 
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and its interactions with downstream effectors, and thereby its functional activity in a cellular 

context59.  

A review of the literature suggests that this work represents the first instance in 

which molecular dynamics have been used to interrogate the behavior of the K-Ras4A 

isoform, and the first instance in which the dynamics and energetics of the full-length K-

Ras4A protein have been investigated on a molecular level. The results presented herein 

provide a basis for further experimental and computational studies examining the functional 

consequences of K-Ras4A dynamics, which would provide important insight into 

approaches to more effectively target oncogenic K-Ras. However, it is important to note 

some limitations of this study, namely the simulation time (100 ns MD trajectories) used. It 

is quite possible that there is insufficient sampling of conformational space, which would 

affect the robustness and accuracy of the conclusions presented herein. Performing longer-

timescale simulations or multiple independent trajectories of the same system, or utilizing 

enhanced sampling methods including metadynamics105 and accelerated molecular dynamics 

(aMD)145 would be a logical solution to this limitation. To further extend the results of this 

investigation, the functional importance of the residues in the K-Ras4A HVR and their 

effect on the dynamics of K-Ras4A need to be examined and understood on a molecular 

level, using a combination of experimental and computational approaches. These residues 

represent the principal difference between the K-Ras4A and 4B isoforms, and are a likely 

source of the differential oncogenic and functional activity that is observed between these 

two isoforms. In this study, preliminary steps were taken to examine how the K-Ras4A HVR 

impacts the biophysical properties of the protein, using several independent simulations of 

full-length (1-186) GDP and GTP-bound K-Ras4A and additional simulations of truncated 

K-Ras (1-180) in both nucleotide-bound states. Moreover, the interaction energy of the 
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HVR with the catalytic domain was examined for each system in each nucleotide bound state 

through MD simulations in this study. However, these analyses were not informed by NMR 

experimental data to generate appropriate initial configurations for simulation. Pending 

ongoing studies being performed by collaborators, this NMR data can be used to generate 

more relevant starting configurations for MD simulations, which will consequently facilitate 

a more accurate biophysical analysis and allow for more detailed molecular observations. 

Experimental mutagenesis studies on the K-Ras4A catalytic domain could also be very useful 

to determine the effect of different amino acid substitutions at residues 151, 153, 165 and 

166, and thereby elucidate the functional importance of the physiologically observed residues 

in nature. On a molecular basis, studies need to be conducted to elucidate whether 

electrostatic contacts or short-range interactions that affect secondary structure are 

perturbed as a result of different residue substitutions at these positions. A final critical 

aspect of the study presented here is the fact that all the simulations were performed in an 

aqueous solvent with a 0.1 M ionic concentration, which is not necessarily representative of 

the physiological environment in which Ras is situated in human cells. One might thus 

rightly argue that any results obtained in a non-physiological environment may not accurately 

reflect findings of functional or mechanistic significance. For this reason, it is imperative that 

additional molecular dynamics studies on K-Ras4A with a lipidated HVR, and/or in an 

environment containing a lipid bilayer, be conducted. This process, while long and 

computationally expensive, will yield results that are highly relevant to understanding the 

dynamics of K-Ras4A membrane interactions, and the functional impact of specific residue 

changes and lipidation states of the HVR on membrane insertion and Ras conformational 

dynamics. 
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